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19.  ABSTRACT: 


The  major  challenge  facing  sol-gel  processing  of  advanced  optical  materials,  and  in  fact  the  entire  field  of  chemically 
derived  ceramics,  is  to  relate  processing  variables  to  final  properties.  Fundamental  studies  of  sol-gel  processing 
science  pursued  at  GELTECH  during  the  last  few  years  have  led  to  two  major  accomplishments: 

1)  Development  of  a  generic  sol-gel  process  for  producing  fully  dense  silica  monoliths  (Type  V  Silica) 

2)  Development  of  a  generic  sol-gel  process  for  producing  porous  silica  monoliths  (Type  VI  Silica) 

These  two  new  materials  present  many  unique  properties  and  offer  enormous  potential  for  the  development  of  new 
optical  components  and  advanced  optic  systems  with  unique  capabilities.  In  order  to  lake  full  advantage  of  the 
unique  capabilities  of  the  GELSIL®  process,  considerable  efforts  have  been  devoted  to  develop  international 
collaboration  in  the  field  of  advanced  optical  systems.  This  effort  lead  to  the  establishment  of  several  research 
programs  in  some  of  the  world  leader  laboratories  in  the  field  of  advanced  optics.  These  research  programs  and  a 
summary  of  results  to  date  are  given  below.  u  ^-» 


GELTECH’s  objectives  are  to  conduct  sol-gel  basic  research  for  the  preparation  of  porous  and  dense  optical 
prototypes  which  are  used  in  the  other  research  programs.  The  University  of  Florida  -  AMRC  is  pursuing  research 
for  the  production  of  monolithic  titania-silica  gels  with  0-15%  TiOj  using  organometallic  sol-gel  processing. 

2)  Sol-Gel  Basic  Science  Programs 

The  major  results  of  these  programs  are:  1)  The  understanding  of  the  structure  of  water  absorbed  into  the  pores  of  gel 
silica  monoliths  using  Dielectric  Relaxation  Spectroscopy  (DRS)  and  Differential  Scanning  Calorimetry  (DSC).  2) 
The  determination  of  the  structural  energies  of  gel-silica  by  quantum  calculations  for  rings  and  chains  of  silica 
tetrahedra  using  Huckcl  and  Intermediate  Neglect  of  Differential  Overlap  Molecular  Orbital  models. 

3)  Porou£<j.gLSilica-Optics  R^scarch-Pcograms 

The  research  program  at  the  University  College  London  involves  the  development  of  micro-optical  arrays.  Stacked 
planar  optics  is  an  attractive  technology  for  digital  optic  applications,  in  particular  optical  computing.  The  basic 
component  for  digital  optics  has  been  identified  as  modulator  and  detector  arrays  which  in  many  cases  rely  on 
microlens  arrays  for  imaging.  The  results  presented  in  this  report  briefly  consider  the  basic  modulator  array  and 
discuss  in  detail  the  fabrication  conditions  for  microlens  arrays. 

The  aims  of  one  project  at  the  University  of  Manchester  are  to  use  GELSIL®  porous  matrices  as  carriers  for  liquid 
crystal  systems,  thereby  overcoming  many  of  the  problems  associated  with  current  liquid  crystal  devices. 

A  program  for  the  development  of  densification  techniques  for  sol-gel  matrices  using  lasers  is  under  development  at 
the  University  of  Manchester.  Work  has  concentrated  on  the  use  of  a  carbon  dioxide  laser  to  effect  full  densification 
of  thin  surface  layers  on  partially  densified  discs. 


Another  project  at  the  University  of  Manchester  involves  the  development  of  tunable  doped  gel-silica  glass  lasers. 
Initial  measurements  of  laser  relevant  properties  of  neodymium  doped  GELSIL®  are  presented  in  this  report 


Ultraviolet  laser  development  was  initiated  at  the  Loughborough  University  of  Technology.  The  results  presented  in 
this  report  discuss  some  possibilities  associated  with  the  emergent  technology  of  sol-gel  glass,  for  the  generation  of 
novel  optical  elements  for  intra-cavity  use  in  ion  lasers. 
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EXECUTIVE  SUMMARY 


The  major  challenge  facing  sol-gel  processing  of  advanced  optical  materials,  and  in  fact  the 
entire  field  of  chemically  derived  ceramics,  is  to  relate  processing  variables  to  final  properties. 
Fundamental  studies  of  sol-gel  processing  science  pursued  at  GELTECH  during  the  last  few  years 
have  led  to  two  major  accomplishments: 

1)  Development  of  a  generic  sol-gel  process  for  producing  fully  dense  silica  monoliths 

(Type  V  Silica),  and 

2)  Development  of  a  generic  sol- gel  process  for  producing  porous  silica  monoliths  (Type 

VI  Silica). 

These  two  new  materials  present  many  unique  properties  and  offer  enormous  potential  for 
the  development  of  new  optical  components  and  advanced  optic  systems  with  unique  capabilities. 
Exploratory  research  at  GELTECH  and  at  Advanced  Materials  Research  Center  (AMRC)  has 
shown  that  these  materials,  named  GELSIL®,  can  serve  as  a  host  matrix  for  rare  earth  elements 
such  as  Ce,  Er  and  Nd,  thus  establishing  the  possibility  for  a  high  intensity  solar  powered  Q- 
switched  glass  laser.  Successful  doping  of  the  GELSIL®  matrix  with  metallic  oxides  including  all 
of  the  transition  elements  has  also  been  achieved.  This  generic  doping  process,  combined  with  a 
unique  manipulation  of  index  of  refraction  by  density  gradients,  opens  up  the  possibility  for  new 
designs  of  graded  refractive  index  lenses,  micro-optical  arrays,  planar  silica  waveguides,  optical 
couplers,  radiation  hard  optical  storage  devices,  fast  holographic  storage,  matrices  for  non-linear 
optics,  and  eventually  a  low  power  optical  computer  and  solar  powered  high  intensity  laser. 

In  order  to  take  full  advantage  of  the  unique  capabilities  of  the  GELSIL®  process, 
considerable  efforts  have  been  devoted  to  develop  international  collaboration  in  the  field  of 
advanced  optical  systems.  This  effort  lead  to  the  establishment  of  several  research  programs  in 
some  of  the  world  leader  laboratories  in  the  field  of  advanced  optics.  These  research  programs  and 
a  summary  of  results  collected  during  this  contract  are  given  below. 

1.  Preparation  of  Silica  Optical  Pr  <;otv,»gs 

GELTECH’s  laboratory’s  obj^  ves  are  to  conduct  sol-gel  basic  research  for  the 
preparation  of  porous  and  dense  optical  prototypes  which  are  used  in  the  other  research  programs. 
The  University  of  Florida  -  AMRC  is  pursuing  research  for  the  production  of  monolithic  titania- 
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silica  gels  with  0-15%  Ti02  using  organometallic  sol-gel  processing. 

2.  Sol-Gel  Basic  Science  Programs 

The  AMRC  research  focus  is  on  three  objectives:  1)  Sol- gel  optical  science,  necessary  to 
produce  controlled  gradients  of  ultrastructure  and  dopants  in  sol-gel  derived  glass  matrices;  2) 
Ultrastructure  characterization,  necessary  to  interpret  and  predict  performance  of  unique  optical 
designs  using  sol-gel  derived  matrices;  3)  Processing-property  relationships,  particular  to  the 
components  defined  by  the  joint  US-UK  investigative  teams. 

The  major  results  of  this  research  program  are: 

1)  The  understanding  of  the  structure  of  water  absorbed  into  the  pores  of  alkoxide 
derived  gel  silica  monoliths  using  Dielectric  Relaxation  Spectroscopy  (DRS)  and  Differential 
Scanning  Calorimetry  (DSC). 

2)  The  determination  of  the  structural  energies  of  gel-silica  by  quantum  calculations  for 
rings  and  chains  of  silica  tetrahedra  using  Huckel  and  Intermediate  Neglect  of  Differential  Overlap 
Molecular  Orbital  models. 


3.  Porous  Gel-Silica  Optics  Research  Programs 

The  research  program  at  the  University  College  London  involves  the  development  of 
micro-optical  arrays.  Stacked  planar  optics  is  an  attractive  technology  for  digital  optic  applications, 
in  particular  optical  computing. 

The  basic  components  for  digital  optics  have  been  identified  as  modulator  and  detector 
arrays  which  in  many  cases  rely  on  microlens  arrays  for  imaging.  The  results  presented  in  this 
report  briefly  consider  the  basic  modulator  array  and  discusses  in  detail  the  fabrication  conditions 
for  microlens  arrays. 

The  aims  of  one  project  at  the  University  of  Manchester  are  to  use  GELSIL®  porous 
matrices  as  carriers  for  liquid  crystal  systems,  thereby  overcoming  many  of  the  problems 
associated  with  current  liquid  crystal  devices.  These  difficulties  include  the  construction  of  large 
area  arrays,  maintenance  of  a  constant  and  accurate  sample  thickness  of  typically  5  mm,  electrical 
addressing  of  the  liquid  crystals,  and  where  possible,  increasing  the  switching  speed  of  the 
medium.  The  use  of  porous  GELSIL®  matrices  can,  in  principle,  contribute  to  the  solution  of  all 
of  these  problems.  They  have  potential  for  easy  processing  in  large  areas  with  a  well-defined  pore 
size,  and  the  possibility  of  ion  impregnation  together  with  the  matrices  high  optical  integrity  makes 
them  ideal  candidates  for  new  liquid  crystal  display  (and  non-display)  applications. 

The  program  during  this  contract  has  essentially  progressed  in  two  complementary 
directions:  1)  The  optimization  of  new  liquid  crystal  systems  for  use  in  displays,  and;  2)  the 
incorporation  of  these  and  other  more  conventional  materials  into  the  GELSIL®  matrices. 

A  program  for  the  development  of  densification  techniques  for  sol-gel  matrices,  using 
lasers  was  developed  at  the  University  of  Manchester.  Work  has  concentrated  on  the  use  of  a 
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carbon  dioxide  laser  to  effect  full  densification  of  thin  surface  layers  on  partially  densified  discs. 
Using  microhardness  as  a  characterization  method  the  upper  (damage)  threshold  and  lower  energy 
thresholds  to  effect  densification  were  measured  as  6.32  ±0.25  and  4.26  ±0.25  Joules  per  square 
centimeter  of  surface  irradiated,  as  opposed  to  calculated  values  of  11.31  and  7.42  J/cm2 
respectively. 

4.  Dense  Gel-Silica  Optics  Research  Programs 

Another  project  at  the  University  of  Manchester  involves  the  development  of  tunable  doped 
gel-silica  glass  lasers.  Initial  measurements  of  laser  relevant  properties  of  neodymium  doped 
GELSIL®  are  presented  in  this  report.  Samples  doped  with  Nd  only  reveal  anomalously  short 
fluorescence  lifetimes  characteristic  of  concentration  quenching,  TEM  measurements  revealing 
clumping  of  the  neodymium.  Co-doping  with  aluminum  allows  better  dispersion  of  the 
neodymium  throughout  the  GELSIL®  matrix,  but  fluorescence  lifetimes  are  still  shorter  than 
expected.  Photon  quenching  by  residual  OH  ions  is  suspected,  absorption,  FTIR  and  Raman 
spectroscopy  being  used  to  support  this  theory. 

Ultraviolet  laser  development  was  initiated  at  the  Loughborough  University  of  Technology. 
The  results  presented  in  this  report  discuss  some  possibilities,  associated  with  the  emergent 
technology  of  sol-gel  glass,  for  the  generation  of  novel  optical  elements  for  intra-cavity  use  in  ion 
lasers.  The  special  low  absorbance  of  densified  sol-gel  glass  leads  to  unusual  absorption  spectra 
with  full  transmittance  extending  out  to  the  theoretical  band  edge  in  the  ultra  violet.  We  report  an 
unusual  find  associated  with  the  performance  of  a  sol-gel  etalon  in  an  Argon-Ion  laser.  It  has  been 
observed  that  a  plane  parallel  etalon  made  of  sol-gel  prepared  and  densified  silica  has  shown  single 
mode  power  from  the  cavity  of  an  ion  laser  approaching  that  of  the  single  line  power  before  the 
etalon  is  fitted.  Some  theoretical  sketches  are  outlined  to  explain  the  phenomenon. 
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the  US/UK  Optical  Glass  and  Macromolecular  Materials  Symposium  #2,  Ilkley  (1989) 
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1.  INTRODUCTION 

Many  SDIO/AFOSR  programs  involve  precision  optical  components,  often  requiring 
unique  combinations  of  low  weight,  good  strength,  and  special  optical,  thermal  and  radiation 
resistant  characteristics.  GELTECH’ s  low  temperature  sol-gel  technology  offers  the  potential  for 
rapid  production  of  large,  near  net  shape  optical  components  with  a  wide  range  of  optical  and 
physical  properties  not  possible  with  classical  glass  melting  methods  that  require  very  high 
temperatures.  In  addition,  GELTECH’ s  technology  may  lead  to  the  development  of  new  optically 
active  components. 

The  GELTECH  sol-gel  optics  technology  uses  proprietary  drying  control  chemical 
additives  (DCCA’s),  developed  in  the  beginning  at  the  University  of  Florida  with  support  by  the 
Air  Force  Office  of  Scientific  Research.  The  DCCA's  and  special  low  temperature  thermal 
schedule,  developed  later  in  GELTECH’s  laboratories,  make  it  possible  to  control  the  hydrolysis 
and  condensation  chemical  reactions  that  produce  both  pure  silica  and  multicomponent  silica  solid 
structures  from  liquid  chemical  precursors  such  as  tetramethoxysilane  (TMOS)  and 
tetraethoxysilane  (TEOS).  The  low  temperatures  involved  make  total  computer  control  of  the 
continuous  mixing,  casting,  gelation,  aging,  drying  and  densification  stages  of  sol-gel  derived  near 
net  shape  optics  a  goal  with  a  very  high  pay  off  if  successful.  In  contrast,  traditional  optical  glass 
manufacture  involves  very  high  temperature,  long  annealing  schedules,  extensive  grinding  and 
polishing,  considerable  labor,  and  energy. 

Low  temperature  sol-gel  processing  of  ultrahigh  purity,  ultrahomogeneous  silica 
(GELSIL®)  offers  enormous  potential  for  the  development  of  new  optical  components  and 
systems  with  unique  capabilities.  GELTECH’s  sol-gel  silica  optics  facility,  supported  by  AFOSR, 
has  successfully  produced  GELSIL®  optical  blanks  with  uniquely  low  absorption  in  the  UV 
visible,  and  near  IR. 

With  SDI-ISTO/AFOSR  support,  GELTECH  Inc.  is  putting  into  operation  a  sol-gel  optics 
research  laboratory  capable  of  making  prototype  advanced  optical  components  of  sufficient 
quantity  to  establish  statistically  based  optical  design  parameters  and  lifetime  predictions.  This  is  a 
unique  optical  materials  laboratory  because  it  uses  full  computer  control  of  a  continuous  batch 
process  for  making  and  studying  chemically  derived  optical  components.  Consequently,  ultrahigh 
purity  can  be  achieved  and  maintained  for  the  preparation  of  optical  prototypes  required  for  the 
research  programs.  It  has  never  before  been  possible  to  achieve  such  high  levels  of  purity  in  sol- 
gel  derived  optical  components,  and  maintain  the  purity  from  sample  to  sample  and  batch  to  batch. 
This  capability  offers  many  totally  new  possibilities  for  achieving  advanced  optical  systems. 

Because  of  ultrapure  processing,  sol-gel  derived  silica  has  a  uniquely  low  coefficient  of 
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thermal  expansion  (Cl  t)  over  the  temperature  range  of  40 'C  to  700CC.  Research  at  GELTECH 
and  Advanced  Materials  Research  Center  (AMRC)  has  also  shown  that  GELSIL®  can  serve  as 
host  matrix  for  rare  earth  elements  such  as  Ce,  Er,  and  Nd,  thus  establishing  the  possibility  for  a 
high  intensity  solar  powered  Q-switched  glass  laser.  Successful  doping  of  the  GELSIL®  matrix 
with  metallic  oxides  including  all  of  the  transition  elements  has  also  been  achieved.  This  generic 
doping  process,  combined  with  a  unique  manipulation  of  index  of  refraction  by  density  gradients, 
opens  up  the  possibility  for  new  designs  of  graded  refractive  index  lenses,  micro-optical  arrays, 
planar  silica  waveguides,  optical  couplers,  radiation  hard  optical  storage  devices,  fast  holographic 
storage,  matrices  for  non-linear  optics,  and  eventually  a  low  power  optical  computer  and  solar 
powered  high  intensity  laser. 

In  order  to  take  full  advantage  of  the  unique  capabilities  of  the  GELSIL®  process, 
considerable  effort  has  been  devoted  during  the  last  two  years  to  developing  international 
collaboration  in  the  field  of  advanced  optical  systems.  This  Final  Technical  Report  summarizes  the 
research  accomplished  in  both  laboratories  in  the  United  States  and  the  United  Kingdom.  The  goal 
is  to  produce  a  new  generation  of  advanced  optical  systems  based  upon  sol-gel  technology.  This 
report  emphasizes  interaction  with  optics  programs  in  the  United  kingdom  which  have  world 
leadership  capabilities.  Special  sections  of  this  report  are  included  in  the  Fields  of:  1)  sol-gel  basic 
science;  2)  micro-optical  arrays;  3)  liquid  crystal  NLO  matrices;  4)  laser  densified  optics;  5)  tunable 
laser,  and  6)  UV  laser  optics. 

The  overall  management  and  program  coordination  of  this  contract  is  performed  by 
GELTECH  Inc.  The  company  administers  subcontracts  with  the  University  of  Florida  and  several 
Universities  in  the  United  Kingdom,  and  compiles  regular  project  evaluation  reports.  The  program 
plan  for  the  US/UK  sol-gel  science  optics  collaboration  is  presented  in  Figure  1. 

In  addition,  GELTECH  conducts  sol-gel  basic  research  for  the  preparation  of  porous  and 
dense  optical  prototypes  which  are  characterized  and/or  used  in  the  subcontractor’s  research 
programs. 

A  brief  summary  of  each  subcontractor’s  research  programs  are  given  below,  and  the 
results  of  the  research  accomplished  during  this  contract  are  given  in  the  following  sections  of  this 
Final  Technical  Report. 

Note:  Some  of  the  results  presented  in  this  Final  Technical  Report  are  from  research 
programs  partially  funded,  in  addition  to  the  US-UK  contract,  by  AFOSR  contracts  #F49620-85- 
C-0079,  F49620-86-C-0120  and  F49620-89-C-0006. 


The  University  of  Florida  -  Advanced  Materials  Research  Center  (AMRO 
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The  University  of  Florida  Advanced  Materials  Research  Center  is  coordinating  a 
subcontract  which  involves  studies  in  sol-gel  science  to  support  the  research  being  conducted  in 
GELTECH  and  the  Universities  in  the  UK. 

The  AMRC  research  focuses  on  three  objectives:  1)  Sol- gel  optical  science,  necessary  to 
produce  controlled  gradients  of  ultrastructure  and  dopants  in  sol-gel  derived  glass  matrices;  2) 
Ultrastructure  characterization,  necessary  to  interpret  and  predict  performance  of  unique  optical 
designs  using  sol-gel  derived  matrices;  3)  Processing-property  relationships,  particular  to  the 
components  defined  by  the  joint  UK-US  investigative  teams.  This  research  is  conducted  under  the 
direction  of  Dr.  L.L.  Hench  and  J.K.  West. 

The  sol-gel  chemical  science  studies  extend  the  exploratory  work  already  initiated  in  the 
AFOSR-MIRP  program.  The  work  includes  measurements  of  diffusion  coefficients  of  dopant 
elements  that  can  produce  localized  index  of  refraction  gradients  and  specific  index  profiles.  The 
measurements  are  performed  as  a  function  of  ultrastructural  density  gradients. 

Drs.  R.W.  Gould  and  J.K.  West  performed  measurements  of  ultrastructural  densities 
which  will  be  correlated  and  interpreted  using  precision  X-ray  diffraction  analyses  of  pair  function 
distribution  functions.  Previous  studies  on  fast  neutron  radiation  damaged  fused  silica,  directed  by 
Profs.  Gould  and  Hench,  showed  localized  regions  of  order  in  the  amorphous  matrix.  Precise  true 
density  measurements  of  GELSIL®  optical  samples  also  indicate  such  ultrastructural 
characteristics.  These  results  of  high  localized  densities  must  be  confirmed  by  precise  X-ray 
analyses  in  order  to  know  the  appropriate  localized  densities  and  indices  of  refraction  to  use  in 
calculations  of  graded  index  optics  and  solar  powered  laser  studies. 

Likewise,  processing-property  relationships,  including  mechanical  and  thermal  properties 
as  well  as  optical  must  be  established  for  specific  ultrastructural  densities  in  order  for  predictive 
equations  to  be  written.  The  AMRC  also  includes  quantum  chemistry  calculations  for  molecular 
orbital  modeling  of  water  absorption  on  tetrasiloxane  rings. 

It  is  very  important  that  the  research  efforts  include  a  strong  understanding  of  the  structure 
and  behavior  of  sol-gel  glasses  at  the  molecular  level. 

University  College  London 

Professor  John  Midwinter.  Dr.  Mike  Flanagan  and  Dr.  Margaret  Stallard 

This  is  a  very  large,  well-staffed  program  in  electro-optics,  waveguides,  optical 
information  processing,  laser  enhanced  processing,  and  micro-optics.  Extensive  discussions 
between  Professor  Midwinter  and  his  research  team,  GELTECH  and  AMRC  have  identified  the 
field  of  micro-optical  arrays  as  one  which  should  benefit  greatly  from  a  collaboration.  It  should  be 
possible  to  control  the  diffusion  profiles  of  index  modifiers  in  the  ultraporous  pure  silica  gel  matrix 
to  a  high  level  of  precision,  thereby  producing  the  cross  sectional  index  profiles  required  for 
various  types  of  micro-optical  arrays.  Upon  densification,  the  microdiffusion  arrays  will  become 
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incorporated  within  the  silica  glass  network. 

Because  the  array  is  established  by  diffusion  into  the  ultraporous  matrix  at  ambient 
temperature  instead  of  high  temperature  diffusion  into  bulk  glass,  it  should  be  possible  to  apply 
electrical  fields  to  modify  the  index  profiles  with  considerable  precision.  Thus,  this  effort 
interfaces  with  the  sol-gel  silica  waveguide  program  being  launched  at  the  University  of  Florida  by 
Professor  Ramaswamy  under  AFOSR  support. 

GELTECH,  Inc.  was  providing  the  well  characterized  silica  matrices  to  Prof.  Midwinter’s 
team  for  development  of  the  micro-optical  arrays,  Prof.  Ramaswamy  for  development  of  field 
assisted  planar  waveguides  and  Prof.  Hench  and  AMRC  for  establishing  fundamental  relationships 
between  the  diffusion  kinetics,  ultraporosity,  and  indices  of  refraction  of  GELSIL®. 

University  of  Manchester  -  Liquid  Matrices 
Dr.  H.  Cole  and  Dr.  H.  Gleeson 

The  first  collaborative  research  project  with  the  Department  of  Physics  at  the  University  of 
Manchester  is  with  Dr.  Harry  Cole’s  research  groups  on  non-linear  optical  polymers.  The 
emphasis  in  this  project  is  the  use  of  ultraporous  GELSIL®  matrices  as  hosts  for  liquid  crystals 
and  polymer  doped  liquid  crystal  mixtures.  Special  emphasis  is  given  to  systems  with  potentially 
high  multiplexing  capability. 

University  of  Manchester  -  Laser  Densified  Sol-Gel  Matrices 
Dr.  T.  King.  Dr.  A.  Berry,  and  Dr.  Shaw 

The  second  collaborative  research  program  with  the  Department  of  Physics  at  the 
University  of  Manchester  is  with  Dr.  Terry  King’s  research  group.  A  first  research  project  with 
Dr.  King’s  Laser  Research  Laboratory  is  laser  enhanced  densification  of  sol-gel  derived  silica 
matrices.  The  goals  are:  1)  to  understand  the  nature  of  the  laser  radiation  interaction  with  the 
porous  gel-glass  matrix;  2)  to  investigate  the  glass  structure  produced  during  laser  densification; 
3)  compare  the  efficiency  and  structures  resulting  from  both  10.6  (im  C02  lasers  and  lasers  in  the 
2. 5-3.0  ^tm  and  200-300  nm  region  with  deeper  penetration;  and  4)  establish  the  feasibility  of 
using  lasers  for  surface  densification  of  large  lightweight  mirrors,  micro-optical  arrays,  planar 
waveguides,  etc. 

University  of  Manchester  -  Tunable  Solid  State  Glass  Lasers 
Dr.  T.  King  and  Dr.  A  Berry 

A  second  project  to  collaborate  on  the  optical  physics  of  tunable  solid  state  glass  lasers  is 
also  in  progress  with  Dr.  T.  King’s  Laser  Research  Laboratory.  Two  types  of  tunable  gas  and 
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liquid  lasers  are  now  in  production  in  Manchester  Science  Park  at  a  spinoff  corporation  from  the 
University,  VUMAN  lasers,  resulting  from  Dr.  Terry  King’s  research.  The  goal  of  this  UK-US 
collaboration  is  based  upon  use  of  specific  doping  of  GELSIL®  optical  components  to  achieve  a 
high  power  tunable  glass  laser  using  GELSIL®  laser  hosts. 

Loughborough  University  of  Technology 
Dr.  N.  Phillips 

The  Physics  Department  a  the  University  of  Loughborough  have  had  a  world  class  laser 
R&D  program  for  many  years.  Several  visits  by  Prof.  Hench  indicate  that  collaboration  in  high 
precision  UV  lasers  should  be  very  promising.  The  advanced  laser  technology  is  already  in  place 
at  the  University  of  Loughborough  but  performance  is  limited  by  the  UV  absorption  of  traditional 
silica  optics.  The  ultralow  UV  absorption  of  GELTECH’ s  GELSIL®  should  result  in  a  major 
advancement  in  UV  laser  design. 


15 


■ITECH 


Management 


GELTECH,  INC. 

Sol-Gel  Optics  Research  Facility 

Dr.  J.L.  Nogues 

Optical  Prototypes 
Experimental  Samples 
Processing-Performance  Relations 


UNIVERSITY  OF  FLORIDA 
Advanced  Materials  Research  Center 


Profs.  L.L  Hench,  R.W.  Gould,  Dr.  J.K.West 


Sol-Gel  Chemistry  Science 
Experimental  Samples 
Ultrastructure  Characterization  (WAXD) 
Processing-Properties  Relations 


GELTECH  (UK)  Ltd. 

Management 

1 

UNIVERSITY  COLLEGE  LONDON 

Prof.  J.E.  Midwinter,  Drs.  Flanagan,  Stallard 

Micro-optical  Arrays 

LOUGHBOROUGH  UNIVERSITY 

OF  TECHNOLOGY 

Dr.  N.  Phillips 

UV  Lasers 

UNIVERSITY  OF  MANCHESTER 

Dr.  T.  King 

Tunable  Lasers 

Laser  Densification 

Dr.  H.  Coles 

Liquid  Crystal  NLO  Matrices 

Figure  1 

Program  Plan  for 

US-UK  SOL-GEL  SCIENCE  OPTICS  COLLABORATION 


GELTECH,  Inc.  -  One  Progress  Blvd.  #18,  Alachua,  Florida  32615  -  USA 


Ph:(904 >462-2358  -  FAX:(904)462-2993 


2.  PREPARATION  OF  SILICA  OPTICAL  PROTOTYPES 

2.1  Preparation  of  Porous  Gel-Silica  Optical  Prototypes 

•Appendix  2:  Porous  Gel-Silica,  a  Matrix  for  Optically  Active  Components  - 
J.L.  Nogues  and  W.  V.  Moreshead  -  Published  in  the  Proceedings  of  the  Fifth 
International  Workshop  on  Glasses  and  Ceramics  from  Gels,  Rio  de  Janeiro 
(1989) 

2.2  Preparation  of  Dense  Gel-Silica  Optical  Prototypes 

•Appendix  1:  Sol-Gel  Processing  of  Large  Silica  Optics  -  L.L.  Hench,  M.J.R. 

Wilson,  C.  Balaban,  J.  L.  Nogues  -  Presented  and  Published  in  the 
Proceedings  of  the  Fourth  International  Ultrastructure  Symposium  on 
Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989).  The  full 
paper  is  printed  in  the  Annual  Technical  Report  (March,  1989).  Abstract  and 
Conclusions  are  given  in  Appendix  1. 

•Appendix  3:  Processing,  Properties  and  Applications  of  Sol-Gel  Silica  Optics  - 
J.L.  Nogues  and  A.J.  LaPaglia  -  Presented  and  Published  in  the  Proceedings  of 
The  International  Society  for  Optical  Engineering,  San  Diego  (August,  1989) 

2.3  Preparation  of  Multicomponent  Gel-Silica  Optical  Prototypes 

•Appendix  1:  Sol-Gel  Derived  Titania-Silica  Gel-Glasses  -  Y.C.  Cheng,  L.L.  Hench 
-  Presented  and  Published  in  the  Proceedings  of  the  Fourth  International 
Ultrastructure  Symposium  on  Processing  of  Ceramics,  Glasses  and 
Composites,  Tucson  (1989).  The  full  paper  is  printed  in  the  Annual  Technical 
Report  (March,  1989).  Abstract  and  Conclusions  are  given  in  Appendix  1. 

•Appendix4:  Preparation,  Processing,  and  Fluorescence  Characteristics  of 
Neodymium-Doped  Silica  Glass  Prepared  by  the  Sol-Gel  Process  - 
W.V.  Moreshead,  J.L.  Nogues,  and  R.H.  Krabiil  -  Presented  and  Published  in 
the  Proceedings  of  the  Fifth  International  Workshop  on  Glasses  and  Ceramics 
from  Gels,  Rio  de  Janeiro  (1989) 
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3.  SOL-GEL  BASIC  SCIENCE  PROGRAMS 

3.1  Structural  Analysis  of  Porous  Gel-Silica  Monoliths 

•Appendix  1:  Structural  Analysis  of  Water  Adsorbed  in  the  Pores  of  Alkoxide 
Derived  Silica  Gel  Monoliths  -  S.  Wallace,  L.L.Hench  -  Presented  and 
Published  in  the  Proceedings  of  the  Fourth  International  Ultrastructure 
Symposium  on  Processing  of  Ceramics,  Glasses  and  Composites,  Tucson 
(1989).  The  full  paper  is  printed  in  the  Annual  Technical  Report  (March, 
1989).  Abstract  and  Conclusions  are  given  in  Appendix  1. 

•Appendix 5:  Processing  of  Gel-Silica  Monoliths  for  Optics,  Drying  Behavior 
of  Small  Pore  Gels  -  L.L.  Hench  and  MJ.R.  Wilson  -  To  be  Published. 


•Appendix  6:  Structural  Evolution  During  Sintering  of  Optical  Sol-Gel  Silica  - 
W.L.  Vasconcelos,  R.T.  DeHoff,  and  L.L.  Hench  -  Presented  and  Published  in 
the  Proceedings  of  the  Fifth  International  Workshop  on  Glasses  and  Ceramics 
from  Gels,  Rio  de  Janeiro  (1989) 

•Appendix  7:  Theory  of  Thermal  Expansion  -Y.C.  Cheng  -  Interim  Research  Report 
(1989) 

•Appendix  8:  Physical  Evolution  of  Gel-Silica  Monoliths  -  W.L.Vasconcelos,  R.T. 

DeHoff,  and  L.L.  Hench  -Presented  and  Published  in  the  Proceedings  of  the 
First  Florida-Brazil  Seminar  on  Materials,  Rio  de  Janeiro  (1989) 

3.2  Quantum  Calculations  on  Gel-Silica 

•Appendix  1:  Quantum  Calculations  on  Sol-Gel  Silica  Clusters  -  J.K.  West,  S. 

Wallace,  L.L.  Hench,  C.R.  Lishawa  -  Presented  and  Published  in  the 
Proceedings  of  the  Fourth  International  Ultrastructure  Symposium  on 
Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989).  The  full 
paper  is  printed  in  the  Annual  Technical  Report  (March,  1989).  Abstract  and 
Conclusions  are  given  in  Appendix  1. 
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♦Appendix*?:  Molecular  Orbital  Modeling  of  Water  Adsorption  on  a 
Tetrasiloxane  Ring  -  J.K.  West  and  S.  Wallace  -  Presented  and  Published  in 
the  Proceedings  of  the  Better  Ceramics  Through  Chemistry  IV  Symposium  of 
the  Materials  Research  Society,  San  Francisco  (1990) 

•Appendix  10:  Quantum  Chemistry  of  Sol-Gel  Silica  Clusters  -  J.K.West,  B.F.  Zhu, 
Y.C.  Cheng,  and  L.L.  Hench  -  Presented  and  Published  in  the  Proceedings  of 
the  Fifth  International  Workshop  on  Glasses  and  Ceramics  from  Gels,  Rio  de 
Janeiro  (1989) 
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4.  POROUS  GEL-SILICA  OPTICAL  RESEARCH  PROGRAMS 

4.1  Micro-opticai  Components  Fabricated  in  C.el-Silica  Glass 

•Appendix  1:  Micro-Optical  Arrays  for  Stacked  Planar  Optics  -  M.M.  Stallard  - 
Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the  Annual 
Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given  in 
Appendix  1. 

4.2  Gelsil®  Matrices  for  Liquid  Crystal  and  Laser  Pves 

•Appendix  1:  Optimisation  of  New  Liquid  Crystal  Systems  and  their 
Incorporation  into  Gelsil®  Matrices  -  H.F.  Gleeson  and  H.J.  Coles  - 
Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the  Annual 
Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given  in 
Appendix  l. 

•Appendix  1:  Gelsil®  Matrices  for  Liquid  Crystals  -  H.J.  Coles  and  H.F.  Gleeson  - 
Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the  Annual 
Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given  in 
Appendix  1. 

•Appendix  11:  Liquid  Crystals  in  Gel-Silica  Matrices  -  H.J.  Coles  and  H.F.  Gleeson  - 
Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #2,  Ilkley  (1989) 

•Appendix  12:  Organic  Dyes  in  Silica  Glass  -  C.  Whitehurst,  D.  Shaw,  and  T.  A.  King  - 
Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #2,  Ilkley  (1989) 

4.3  Laser  Densification  of  Sol-Gel  Matrices 
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•Appendix  1:  Laser  Densification  of  Sol-Gel  Matrices  -  D.J.  Shaw,  A.J.  Berry,  T.A. 

King  -  Presented  at  the  US/UK  Optical  Glass  and  Macromolecular  Materials 
Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the  Annual 
Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given  in 
Appendix  1. 

•Appendix  13:  Laser  Densification  of  Sol-Gel  Silica  Glass  -  D.J.  Shaw,  A.J.  Berry, 
and  T.A.  King  -  Presented  at  the  International  Conference  for  Non-linear  and 
Electro-optics,  Cambridge  (1989).  Published  in  Inst.  Phys.  Conf.  Ser.  No 
103:  Part  1,  p85 

•Appendix  14:  Laser  Densification  Modeling  -  T.  Chia,  L.L.  Hench,  C.  Qin,  and  C.K. 

Hsieh  -  Presented  and  Published  in  the  Proceedings  of  the  Better  Ceramics 
Through  Chemistry  IV  Symposium  of  the  Materials  Research  Society,  San 
Francisco  (1990) 

4.4  Gelsil®  Matrices  for  Transpiration  Cooled  Windows 

•Appendix  15:  Multifunctional  Silica  Optics  -  L.L.  Hench  and  A.  Fosmoe  -  Presented 
and  Published  in  the  Proceedings  of  the  Materials  Research  Society  Fall 
Meeting,  Boston  (1989) 
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5.  DENSE  GEL-SILICA  OPTICAL  RESEARCH  PROGRAMS 

5.1  Tunable  Solid  State  Glass  Laser 

•Appendix  1:  Development  of  Tunable  Doped  Gel-Silica  Glass  Lasers  -  A.J. 

Beny,  T.A.  King  -  Presented  at  the  US/UK  Optical  Glass  and  Macromolecular 
Materials  Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the 
Annual  Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given 
in  Appendix  1. 

•Appendix  16:  Characterisation  of  Doped  Sol-Gel  Derived  Silica  Hosts  for  Use 
in  Tunable  Glass  Lasers  -  A.J.  Berry,  T.A.  King  -  Published  in  J.  Phys. 
D:  Appl.  Phys.  22  (1989)  1419-1422 

5.2  Ultraviolet  Laser  Development 

•Appendix  1:  Novel  Intra-Cavity  Elements  for  Use  in  Ion  Lasers  Using  Sol-Gel 
Glass  Technology  -  NJ.  Phillips  -  Presented  at  the  US/UK  Optical  Glass 
and  Macromolecular  Materials  Symposium  #1,  Pitlochry  (1988).  The  full  paper 
is  printed  in  the  Annual  Technical  Report  (March,  1989).  Abstract  and 
Conclusions  are  given  in  Appendix  1. 

•Appendix  1:  Intra-Cavity  Optical  Elements  for  Lasers  Using  Sol-Gel  Glass  - 
N.J.  Phillips  -  Presented  at  the  US/UK  Optical  Glass  and  Macromolecular 
Materials  Symposium  #1,  Pitlochry  (1988).  The  full  paper  is  printed  in  the 
Annual  Technical  Report  (March,  1989).  Abstract  and  Conclusions  are  given 
in  Appendix  1 . 

•Appendix  17:  Progress  in  the  Study  of  Gel-Silica  Optics  for  Intra-Cavity  Laser 
Use  -  N.J.  Phillips  -  Presented  at  the  US/UK  Optical  Glass  and 
Macromolecular  Materials  Symposium  #2,  Ilkley  (1989) 
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Sol-Gel  Processing  of  Large  Silica  Optics 


L.L.  Hench,  M.J.R.  Wilson,  C.  Balaban,  J.L.  Nogues 

Presented  and  Published  in  the  Proceedings  of  the  Fourth  International  Ultrastructural  Symposium 
on  Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989) 

Abstract 

Since  the  first  Ultrastructure  Processing  Conference  the  progress  made  in  sol-gel  science 
allowed  the  development  of  two  new  types  of  optical  silica.  A  fully  dense  sol-gel  derived  silica, 
termed  Type  V  Gel-Silica,  can  be  made  either  with  a  colloidal  or  an  organometallic  process.  An 
optically  transparent  porous  silica,  termed  Type  VI  Gel-Silica  can  be  made  by  the  organometallic 
route  and  can  be  used  for  applications  such  as  an  optical  element  with  a  second  phase  impregnated 
within  the  pores  or  as  a  substrate  for  laser  written  waveguides. 

The  major  progress  was  made  in  size  scale-up  by:  1)  developing  an  understanding  of  the 
chemical  mechanisms  involved  in  sol-gel  glass  processing,  and  2)  establishing  careful  process 
controls  for  each  processing  step.  This  progress  allowed  the  production  of  optics  of  75  and  100 
mm  in  diameter  or  larger  for  both  Type  V  and  Type  VI  silicas  respectively. 

The  physical  properties  of  the  organometallic  derived  Type  V  Gel-Silica  are  equal  or 
superior  to  Types  I-IV  optical  silicas  and  include:  short  UV  cutoff,  low  optical  absorption 
throughout  the  spectrum,  high  homogeneity,  very  few  defects,  low  strain  birefringence,  and  low 
coefficient  of  thermal  expansion. 

Both  the  colloidal  and  the  organometallic  methods  can  be  used  to  produce  complex  net 
shapes  by  direct  casting  at  ambient  temperature.  This  unique  property  of  the  sol-gel  process  can  be 
used  to  make  optics  with  special  shapes  and  surface  features  such  as  lightweight  mirrors,  Fresnel 
lenses  and  aspheric  optical  components. 

Conclusions 

Since  the  first  Ultrastructure  Processing  Conference  the  progress  made  in  sol-gel  science 
allowed  the  development  of  two  new  types  of  optical  silica.  A  fully  dense  sol-gel  derived  silica, 
termed  Type  V  Gel-Silica,  can  be  made  either  with  a  colloidal  process  or  an  organometallic 
process.  The  colloidal  method  results  in  optically  opaque  gels  due  to  large  pores  of  >200  nm  in 
diameter  with  >80%  porosity  requiring  1500-1720^  densification  temperatures.  The 
organometallic  process  results  in  optically  transparent  gels  with  45%  pores  of  only  2.5  nm  in 
diameter  and  require  a  densification  temperature  of  only  1 1 50^.  An  optically  transparent  sol-gel 
derived  porous  silica,  termed  Type  VI  Gel-Silica  can  be  made  by  the  organometallic  route.  This 
new  type  of  silica  can  be  used  for  applications  such  as  an  optical  element  with  a  second  phase 


impregnated  within  the  pores  or  as  a  substrate  for  laser  written  waveguides. 

The  major  progress  was  made  in  size  scale-up.  This  was  achieved  by:  1)  developing  an 
understanding  of  the  chemical  mechanisms  involved  in  each  of  the  seven  sol-gel-glass  processing 
steps,  and  2)  establishing  careful  process  controls  for  each  processing  step.  It  is  the  precise 
control  over  the  chemical  mechanisms  and  rates  of  reactions  that  allows  the  production  of  optics  of 
75  and  100  mm  in  diameter  or  larger  for  both  Type  V  and  Type  VI  silicas  respectively. 

The  physical  properties  of  the  organometallic  derived  Type  V  Gel-Silica  are  equal  or 
superior  to  Types  I-IV  optical  silicas  and  include:  short  UV  cutoff,  low  optical  absorption 
throughout  the  spectrum,  high  homogeneity,  very  few  defects,  low  strain  birefringence,  and  low 
coefficient  of  thermal  expansion. 

Both  the  colloidal  and  the  organometallic  methods  of  optical  gel-silica  manufacture  can  be 
used  to  produce  complex  net  shapes  by  direct  casting  at  ambient  temperature.  This  unique  property 
of  the  sol-gel  process  can  be  used  to  make  optics  with  special  shapes  and  surface  features  such  as 
lightweight  mirrors,  Fresnel  lenses  and  aspheric  optical  components. 


Sol-Gel  Derived  Titania-Silica  Gel-Glasses 


Y.C.  Cheng,  L.L.  Hench 

Presented  and  Published  in  the  Proceedings  of  the  Fourth  International  Ultrastructure  Symposium 
on  Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989) 

Abstract 

Monolithic  titania-silica  gels  with  0-15%  Ti02  were  prepared  using  organometallic  sol-gel 
processing.  During  densification,  bloating  occurred  in  ambient  static  air  but  not  in  a  controlled 
dried  air  atmosphere  at  a  temperature  of  SOO'C.  This  was  attributed  to  the  difference  of  the  water 
content  in  the  sample,  since  the  controlled  atmosphere  is  more  effective  in  dehydrating  the  gels. 

The  densification  of  gel-glass  is  enhanced  as  titania  content  increases.  This  is  attributed  to  the 
introduction  of  more  easily  deformed  Ti-O-Si  bonds. 

Conclusions 

Large,  monolithic  Ti02-Si02  gel-glasses  were  produced  using  organometallic  sol-gel 
technology.  The  physical  properties  of  the  gel-glasses  do  not  change  significantly  below  600CC  in 
either  ambient  static  or  controlled  dried  air  atmosphere.  Above  600'C,  the  properties  change 
rapidly  with  densification  temperature.  Bloating  of  the  samples  was  observed  when  sintering  was 
carried  out  in  ambient  static  but  not  in  controlled  dried  air  atmosphere.  This  was  attributed  to  the 
difference  in  the  water  content  of  the  samples  which  resulted  in  the  difference  in  densification  rates. 
The  network  structure  is  strengthened  as  densification  temperature  increases,  as  indicated  by  the 
increase  in  the  wavenumbers  of  IR  vibration  peak.  The  vibrational  band  associated  with  Ti04 
tetrahedra  is  obtained  at  945  cm'1.  The  increase  in  densification  with  increasing  titania 
concentration  is  explained  in  terms  of  the  weaker  nature  of  the  Ti-O-Si  bond,  increasing  the  ease  of 
structural  rearrangement  as  titania  content  increases. 


Structural  Analysis  of  Water  Adsorbed  in  the  Pores  of  Alkoxide 

Derived  Silica  Gel  Monoliths 

S.  Wallace,  L.L.  Bench 

Presented  and  Published  in  the  Proceedings  of  the  Fourth  International  Ultrastructure  Symposium 
on  Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989) 

Abstract 

The  structure  of  water  adsorbed  into  the  pores  of  alkoxide  derived  silica  gel  monoliths  is 
analyzed  using  Dielectric  Relaxation  Spectroscopy  (DRS)  and  Differential  Scanning  Calorimetry 
(DSC).  Assumptions  about  the  pore  geometry  allow  calculation  of  the  thickness  of  the  bound  non¬ 
melting  portion  and  the  free  portion  of  the  adsorbed  water.  The  thickness  of  the  bound,  non- 
freezing  layer  of  adsorbed  water  is  independent  of  the  surface  silanol  concentration  but  increases 
with  increasing  temperature  and/or  average  pore  radius. 

Conclusions 

The  structure  of  water  adsorbed  in  the  pores  of  alkoxide  derived  silica  gels,  and  specifically 
the  bound  layer  adjacent  to  the  surface,  is  governed  by  the  temperature  and  the  geometry  of  the 
pores  in  these  fractal  materials  rather  than  by  the  adsorbent-adsorbate  physisorption  interactions. 
Analysis  by  both  DSC  and  DRS  using  flat  and  cylindrical  models  show  that  the  thickness  of  the 
bound,  non-freezing  layer  of  adsorbed  water  is  independent  of  silanol  concentration,  but  increases 
with  increasing  temperature  and/or  average  pore  radius. 


Quantum  Calculations  on  Sol-Gel  Silica  Clusters 


J.K.  West,  S.  Wallace,  L.L.  Hench,  C.R.  Lishawa 

Presented  and  Published  in  the  Proceedings  of  the  Fourth  International  Ultrastructure  Symposium 
on  Processing  of  Ceramics,  Glasses  and  Composites,  Tucson  (1989) 

Abstract 

Quantum  calculations  for  rings  and  chains  of  silica  tetrahedra  have  been  made  using  Huckel 
and  Intermediate  Neglect  of  Differential  Overlap  molecular  orbital  models.  The  structural  energies 
indicate  a  limiting  dimension  for  chain  growth.  Non-doped  and  doped  clusters  were  used  to 
determine  the  UV  cutoff  wavelength  and  the  relative  molecular  energies  for  each  structure.  The 
theoretical  UV  cutoff  wavelength  and  the  relative  molecular  energies  for  each  structure.  The 
theoretical  UV  cutoff  wavelength  increases  with  increasing  concentrations  of  Na+,  Al3+,  and  OH' 
ions. 

Conclusions 

The  HMO  molecular  orbital  model  is  relatively  simple  and  can  be  run  on  personal 
computers.  The  INDO  model  is  more  sophisticated  and  consequently  more  accurate;  it  also 
requires  larger  computational  power  e.g.  Sun  Microsystem.  The  differences  in  the  INDO 
structural  energies  between  rings  and  chains  indicate  that  chain  structures  are  the  most  stable  up  to 
about  10-12  silica  tetrahedra.  The  calculated  UV  cutoffs  in  the  pure  silica  is  lower  than  the 
experimental  values,  however  the  ring  structures  with  5  tetrahedra  are  close  to  experimental  values 
of  pure  gel-silica  optics.  Small  concentrations  of  hydroxyl ,  sodium,  or  water  increase  the  UV 
cutoff  wavelength,  as  expected. 


Micro-Optical  Arrays  for  Stacked  Planar  Optics 


M.M.  Stallard 

Presented  at  the  US-UK  Optical  Glass  and  Macromolecular  Materials  Symposium,  Pitlochry 
(1988) 

Abstract 

Key  components  for  stacked  planar  optical  circuits  are  considered.  In  particular,  the 
fabrication  conditions  favoring  aberationless  microlens  arrays  are  discussed. 

Conclusions 

Microlens  array  is  a  key  component  in  stacked  planar  optics.  Standard  fabrication 
techniques  suffer  from  problems.  An  alternative  approach  is  to  use  GELSIL™,  which  is 
compatible  with  fiber,  makes  the  diffusions  process  more  flexible,  makes  high  index  changes 
feasible,  and  has  a  high  quality  finished  product. 


Optimization  of  New  Liquid  Crystal  Systems  and  their  Incorporation 

into  Gelsil™  Matrices 


H.F.  Gleeson  and  H.J.  Coles 

Presented  at  the  US-UK  Optical  Glass  and  Macromolecular  Materials  Symposium,  Pitlochry 
(1988) 

Abstract 

The  aims  of  this  project  were  to  use  GELSIL™  porous  matrices  as  carriers  for  liquid 
crystal  systems,  thereby  overcoming  many  of  the  problems  associated  with  current  liquid  crystal 
devices.  These  difficulties  include  the  construction  of  large  area  arrays,  maintenance  of  a  constant 
and  accurate  sample  thickness  of  typically  5|im,  electrical  addressing  of  the  liquid  crystals,  and 
where  possible,  increasing  the  switching  speed  of  the  medium.  The  use  of  porous  GELSIL™ 
matrices  can  ,  in  principle,  contribute  to  the  solution  of  all  of  these  problems.  They  have  potential 
for  easy  processing  in  large  areas  with  a  well-defined  pore  size,  and  the  possibility  of  ion 
impregnation  together  with  the  matrices’  high  optical  integrity  makes  them  ideal  candidates  for  new 
liquid  crystal  display  (and  non-display)  applications.  We  can  summarize  our  displays  objectives  as 
follows: 

(a)  low  cost 

(b)  large  area 

(c)  lightweight 

(d)  low  power  and  voltage  drivers 

(e)  high  brightness  and  contrast 

Our  approach  is  to  use  the  fast  bistable  switching  of  fluorescent  and  dichroic  dyed 
ferroelectric  liquid  crystals  in  rigid  porous  sol-gel  matrices. 

The  program  to  date  has  essentially  progressed  in  two  complementary  directions: 

i)  the  optimization  of  new  liquid  crystal  systems  for  use  in  displays,  and, 

ii)  the  incorporation  of  these  and  other  more  conventional  materials  into  the  GELSIL™ 
matrices. 

In  the  first  sections  of  this  report  we  will  consider  each  of  these  areas  separately.  In  the 
final  section  we  describe  preliminary  results  showing  magnetic-optic  effects  in  liquid  crystal  filled 


GELSIL™  matrices,  and  consider  some  new  directions  forward. 


Conclusions 

The  program  to  date  has  allowed  us  to: 

a)  Solve  many  of  the  current  display  difficulties  by  modifying  the  liquid  crystal  materials.  Our 
work  will  allow  us  to  use  much  thicker  samples  ~  10-20[im  without  significantly  degrading 
the  optical  effects,  thereby  reducing  some  of  the  constraints  previously  placed  on  our 
requirement  for  thin  (<  2|im)  GELSIL™  matrices, 

b)  Develop  an  apparatus  and  technique  for  filling  the  GELSIL™  matrices  with  a  variety  of 
liquid  crystal  materials,  and 

c)  Observe  a  magnetic  field  induced  reduction  in  the  intensity  of  light  transmitted  by  a 
GELSIL™/!. c.  matrix. 
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Abstract 

The  work  carried  out  in  this  research  program  may  be  effectively  divided  into  three  separate 
but  complimentary  areas  which  are  detailed  below. 

a)  Ferroelectric  Liquid  Crystal  Devices 

The  study  of  the  guest-host  effect  in  ferroelectric  liquid  crystal  systems  has  been  expanded 
and  large  area  high  contrast  fluorescent  ferroelectric  displays  have  been  demonstrated.  In 
addition,  fast,  zero  polarizer  double  devices  have  been  made. 

b)  MagnstQTOptics 

Preliminary  studies  of  magneto-optic  effects  in  guest-host  liquid  crystal/GELSIL™ 
systems,  presented  in  a  previous  report  have  been  expanded.  Some  anomalous  effects,  not 
yet  fully  explained  are  reported  here  in  detail. 

c)  Phase  Behavior 

There  has  been  evidence  that  the  liquid  crystalline  materials  may  be  affected  by  contact  with 
the  GELSIL™  matrices.  This  possibility  has  been  examined  via  differential  scanning 
calorimetry  (DSC).  Pre-treatment  of  the  GELSIL™  matrices  to  remove  excess  water  has 
also  been  considered. 

Some  new  effects  have  been  considered  which  may  be  important  for  future  work.  A 
description  of  these  possible  new  directions  is  given  in  the  concluding  section  of  the  report. 

Conclusions 

Initial  measurements  of  the  fluorescence  lifetime  of  the  lasing  level  of  Nd  doped  into 
GELSIL™  found  it  to  be  too  short,  indicative  of  concentration  quenching.  TEM  measurements 
revealed  the  expected  clumping  of  the  Nd2Q3  and  we  have  shown  that  co-doping  with  a  glass 
modifier  such  as  A1  prevents  this  effect  provided  the  Al/Nd  dopant  ratio  is  high  enough.  We  show, 
however,  that  the  samples  are  still  too  “wet",  residual  OH*  probably  being  responsible  for  the  still 


rather  short  lifetimes  and  the  low  fluorescence  efficiencies  we  are  observing.  OH‘  can  be  removed 
in  undoped  samples,  however,  and  we  are  confident,  therefore,  that  a  “dry”  co-doped  rod  shaped 
sample  will  soon  exhibit  laser  action. 
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Abstract 

A  program  for  the  development  of  densification  techniques  for  sol-gel  matrices,  using 
lasers  is  presented.  Work  has  concentrated  on  the  use  of  a  carbon  dioxide  laser  to  effect  full 
densification  of  thin  surface  layers  on  partially  densified  discs.  Using  microhardness  as  a 
characterization  method  the  upper  (damage)  threshold  and  lower  energy  thresholds  to  effect 
densification  were  measured  as  6.32  ±0.25  and  4.26  ±0.25  Joules  per  square  centimeter  of  surface 
irradiated,  as  opposed  to  calculated  values  of  1 1.31  and  7.42  J/cm2  respectively. 

Conclusions 

The  damage  and  densification  energy  thresholds  have  been  measured  as  6.32  ±0.25J/cm2 
and  4.26  ±0.25J/cm2  respectively.  These  results,  however,  only  hold  for  a  laser  power  output  of 
17  Watts.  With  the  laser  giving  our  8  Watts  and  the  gel-silica  disc  moving  at  lower  speeds  through 
the  beam,  energies  well  above  the  previously  measured  damage  threshold  failed  to  densify  a 
surface  layer  of  gel-silica,  i.e.  there  exists  a  time  limit  during  which  energy  must  be  inputted  into  a 
given  volume  of  gel  in  order  to  effect  densification,  otherwise  thermal  conduction  stops  the 
temperature  of  that  volume  rising  high  enough  to  effect  densification. 
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Abstract 

Initial  measurements  of  laser  relevant  properties  of  neodymium  doped  GELSIL™  are 
described.  Samples  doped  with  ND  only  reveal  anomalously  short  fluorescence  lifetimes 
characteristic  of  concentration  quenching,  TEM  measurements  revealing  clumping  of  the 
neodymium.  Co-doping  with  aluminum  allows  better  dispersion  of  the  neodymium  throughout  the 
GELSIL™  matrix,  but  fluorescence  lifetimes  are  still  shorter  than  expected.  Phonon  quenching  by 
residual  OH'  ions  is  suspected,  absorption.  FTIR  and  Raman  spectroscopy  being  used  to  support 
this  theory. 

Conclusions 

Initial  measurements  of  the  fluorescence  lifetime  of  the  lasing  level  of  Nd  doped  into 
GELSIL™  found  it  to  be  >oo  short,  indicative  of  concentration  quenching.  TEM  measurements 
revealed  the  expected  slumping  of  the  Nd203  we  have  shown  that  co-doping  with  a  glass 
modifier  such  a.,  A1  prevents  this  effect  provided  the  Al/Nd  dopant  ratio  is  high  enough.  We  show, 
however,  that  samples  are  still  too  “wet”,  residual  OH'  ions  probably  being  responsible  for  the  still 
rather  short  lifetimes  and  the  low  fluorescence  efficiencies  we  are  observing.  OH'  can  be  removed 
in  undoped  samples,  however,  we  are  confident  therefore  that  a  “dry”  co-doped  rod  shaped  sample 
will  soon  exhibit  laser  action. 


Novel  Intra-Cavity  Elements  for  Use  in  Ion  Lasers  Using  Sol-Gel 

Glass  Technology 

N.J.  Phillips 

Presented  at  the  US-UK  Optical  Glass  and  Macromolecular  Materials  Symposium,  Pitlochry 
(1988) 

Abstract 

This  paper  discusses  some  possibilities  associated  with  the  emergent  technology  of  sol-gel 
glass  for  the  generation  of  novel  optical  elements  for  intra-cavity  use  in  ion  lasers.  The  special  low 
absorptance  of  densified  sol-gel  glass  leads  to  unusual  absorption  spectra  with  full  transmittance 
extending  out  to  the  theoretical  band  edge  in  the  ultra  violet.  We  report  an  unusual  find  associated 
with  the  performance  of  a  sol-gel  etalon  in  an  Argon-Ion  laser.  It  has  been  observed  that  a  plane 
parallel  etalon  made  of  sol-gel  prepared  and  densified  silica  has  shown  single  mode  power  from  the 
cavity  of  an  ion  laser  approaching  that  of  the  single  line  power  before  the  etalon  is  fitted.  Some 
theoretical  sketches  are  outlined  to  explain  the  phenomenon. 

Conclusions 

Discussions  have  been  presented  of  possible  variations  in  intra-cavity  optics  for  ion  laser 
development.  The  materials  of  interest  exhibit  extremely  low  levels  of  UV  absorption  out  to  about 
150nm  and  thus  the  work  is  seen  to  be  of  relevance  particularly  to  the  generation  of  coherent  UV  at 
363.8  nm  in  an  Argon  ion  laser. 

It  is  evident  from  preliminary  experiments  that  sol-gel  silica  samples  have  shown  an 
immediate  improvement  over  conventional  fused  silica  etalons  in  the  generation  of  single  mode 
light  with  low  loss. 

Some  possible  configurations  of  etalons  have  been  discussed  and  it  is  evident  that  the 
curvature  proposed  by  Hariharan  is  a  good  idea  in  terms  of  alignment  and  stability.  However,  it 
must  be  concluded  that  if  we  do  exploit  the  concentric  etalon  idea  then  the  cavity  instability 
proposed  for  the  front  part  of  the  system  i.e.  between  Mt  and  M2  is  not  necessary  if  the  properties 
of  the  sol-gel  element  are  carried  over  from  the  planar  model.  It  is  evidently  a  good  idea  to  create 
concentric  etalons  in  which  all  cavities  are  stable  as  well  as  models  in  which  the  destabilizing  of  the 
front  part  of  the  cavity  is  achieved. 

In  a  general  sense,  the  use  of  cast  optical  elements  (cast  against  diffractive  relief  elements) 
opens  the  door  to  a  new  range  of  intra-cavity  optical  devices  for  wavelength  selection.  The 
problems  of  optical  symmetry  that  this  introduces  need  careful  consideration  however  if  losses  are 


to  be  avoided. 

A  this  stage  of  the  program,  a  modest  level  of  work  with  replacement  of  the  Brewster  prism 
and  windows  is  being  attempted,  the  production  of  void-free  silica  is  of  course  essential  to  this 
strategy. 

The  most  interesting  fact  to  emerge  so  far  is  the  freak  performance  of  the  planar  GELSILrM 
etalon.  Further  theoretical  work  is  well  advanced  to  demonstrate  the  possibility  that  this  success 
might  be  due  to  a  variable  index  effect  which  is  a  natural  consequence  of  the  production  method  for 
sol-gel  derived  layers.  Alternatively,  the  result  may  just  be  a  natural  consequence  of  reduced 
absorptance.  Further  work  is  necessary  to  confirm  the  mechanism. 


Intra-Cavity  Optical  Elements  for  Lasers  Using  Sol-Gel  Glass 


N.J.  Phillips 


Presented? 

Abstract 

We  examine  some  of  the  technical  routes  toward  the  understanding  of  the  anomalous 
performance  of  sol-gel  etalons  used  in  the  cavity  of  an  Argon-ion  laser  to  achieve  single  mode 
operation.  The  observance  of  unusual  levels  of  conversion  efficiency  (the  ratio  of  the  single  mode 
power  output  to  the  single  line  power  output)  may  possibly  be  explained  by  the  presence  of 
refractive  index  gradients  withing  the  etalon  due  to  natural  effects  of  densification  in  sol-gel  glass. 
We  present  some  of  the  theoretical  ideas  and  report  on  progress  in  establishment  of  the  laboratory 
program. 

Conclusions 

The  first  phase  of  work  on  the  intracavity  optics  program  has  concentrated  on  the 
observations  of  the  low  insertion  loss  of  sol-gel  etalons.  It  is  abundantly  clear  that  graded  index 
effects  offer  at  least  a  preliminary  avenue  of  investigation  and  that  such  territory  is  essentially  new. 

From  the  laser  industry,  we  are  still  getting  reports  of  difficulties  with  Brewster  windows, 
i.e.,  the  generation  of  very  thin  (2mm)  but  very  flat  optical  windows.  Thus  although  the  etalon 
section  is  of  great  immediate  interest  the  window  problem  is  of  significance  to  the  manufacturing 
industry. 
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Abstract 

The  sol-gel  process  has  been  used  to  prepare  optically  active  components  in  a  silica  matrix.  In 
most  cases  this  involves  introducing  an  optically  active  material  such  as  an  organic  dye  into  the 
initial  sol  prior  to  gelation.  An  alternative  sol-gel  route  involves  first  the  preparation  of  porous, 
pure  silica  monoliths  which  can  then  be  impregnated  with  the  desired  organic  or  inorganic  material. 
Critical  to  the  usefulness  of  this  material  is  a  knowledge  of  the  properties,  such  as  thermal  stability, 
UV/vis/nIR  spectra  and  pore  size.  In  this  paper  the  structural  evolution  of  these  porous  silica 
monoliths  prepared  by  the  sol-gel  process  is  presented  as  a  function  of  process  temperature. 
Sample  preparation  and  thermal  treatments  are  briefly  described,  and  results  of  sample 
characterizations  are  given  in  detail.  Results  of  this  study  and  their  implications  for  the  usefulness 
of  the  materials  will  be  discussed. 

Subject  index  codes:  a2,  dlO,  o7,  s5,  s9. 

1.  Introduction 

Over  the  past  several  years  there  has  been  an  increasing  interest  in  sol-gel  techniques  for  the 
manufacture  of  glasses,  glass-ceramics  and  ceramics.  This  new  route  has  been  utilized  for  a 
variety  of  products  ranging  from  optical  fibers  and  lenses  to  special  coatings  and  to  production  of 
ultra-pure  powders.  As  early  as  1984  organic  molecules  were  added  to  monoliths  prior  to 
gelation!  1,2],  porous  thin  filmsl3j,  and  more  recently  partially  densified  monolithsl4]. 

The  purpose  of  this  paper  is  to  focus  in  a  first  part  on  the  processing  and  the  properties  of  porous 
gel-silica  glass  monoliths  to  be  used  as  matrix  for  the  preparation  of  optically  active  components 
and  new  kinds  of  optical  devices.  This  new  material  presents  many  properties  of  the  dense  pure 
silica  glass  but  presents  in  addition  many  unique  characteristics  which  could  lead  to  very  special 
and  novel  developments  in  optics.  Several  applications  such  as  microoptical  arrays,  scintillation 
detectors  and  optical  waveguides  are  briefly  described  in  the  second  part  of  this  paper. 
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2.  Porous  gel-silica  matrix  preparation,  processing,  and  properties 

2.1.  Experimental 

Porous  gel-silica  samples  used  in  this  study  were  manufactured  by  hydrolyzing  a  silica  precursor, 
tetramethylorthosilicate  (TMOS,  Petrarch,  Inc.)  with  deionized  water.  After  complete 
homogenizadon  this  sol  was  cast  into  60  mm  polystyrene  petri  dishes  to  gel  and  age.  The  wet  gel 
was  then  dried  to  give  a  transparent  gel-silica  monolith. 

Further  heat  treatment  was  done  in  static  air  to  study  the  evolution  in  gel  properties  with 
temperature.  The  rate  of  heaung  was  selected  low  enough  to  maintain  the  monolithic  aspect  of  the 
gels  and  to  avoid  a  temperature  gradient  inside  the  sample  which  can  cause  heterogeneity  in  gel 
properties.  Isotherms  at  62030  and  8003C  were  observed  to  evacuate  solvent  and  by-products 
from  the  gel  structure,  and  to  observe  the  evoludon  in  sample  properdes  during  a  soak.  Samples 
were  removed  from  the  furnace  at  a  given  temperature  and  quenched  in  air  at  room  temperature. 
Shrinkage  during  densificadon  was  measured  in  stauc  air  using  a  Dupont  943  Thermomechanical 
analyzer  (TMA).  The  heating  rate  was  0.53C/min. 

The  textural  characteristics  were  measured  using  an  Autosorb-6  from  Quantachrome  Corporauon. 
The  results  were  analyzed  according  to  the  BET  theory  and  a  cylindrical  pore  model  was  used  for 
the  calculations  of  the  pore  radius  distribution. 

The  density  measurements  were  done  on  oven-dried  samples  using  a  specific  gravity  botde  with 
mercury  as  the  fluid. 

The  microhardness  was  measured  using  a  LECO  Model-700  Microhardness  Tester  with  a  diamond 
Vickers  indenter. 

UV-vis-nIR  spectra  were  recorded  on  a  Lambda-9  Spectrophotometer  from  Perkin-Elmer. 

2.2.  Results  and  Discussion 

Figure  1  presents  the  TMA  thermogram  of  a  dry  gel  monolith  between  room  temperature  and 
68530,  die  maximum  temperature  of  die  equipment.  The  heat  treatment  cycle  was  repeated  three 
umes  without  removing  the  sample  from  die  cell,  and  widi  recalibrauon  of  die  zero  posidon  before 
each  cycle. 

After  the  first  cycle  to  68530  the  sample  underwent  a  net  shrinkage  of  8.4%  after  returning  to  room 
temperature.  After  die  second  cycle  the  shrinkage  was  not  negligible  but  was  greatly  reduced 
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(0.5%).  A  third  cycle  resulted  in  a  total  shrinkage  of  0.2%. 

These  results  lead  to  an  important  conclusion  regarding  the  usefulness  of  these  materials  as  porous 
matrixes:  further  heating  to  a  temperature  close  to,  equal  to,  or  higher  than  the  maximum 
temperature  to  which  the  gel  has  been  previously  healed  will  induce  new  variations  in  the  structure 
of  the  gel-silica.  However,  a  sample  can  be  considered  to  be  thermally  stable  at  temperatures  well 
below  this  maximum  temperature. 

Changes  in  other  gel  characteristics  and  properties  measured  for  this  study  during  densification  are 
in  good  agreement.  The  results  are  summarized  in  table  1.  These  changes  are  smooth  and  regular 
as  the  treatment  temperature  is  increased  to  950X.  At  this  temperature  the  behavior  of  the  gel 
changes  drastically  and  the  material  loses  its  characteristics  for  porous  matrix  applications. 
Although  the  magnitude  of  the  changes  are  greater  for  the  soak  at  620X  than  for  the  soak  at  800X1, 
the  trends  were  similar. 

The  transmission  spectra  of  samples  stabilized  at  620,  900  and  950X  show  the  well-known 
absorption  bands  due  to  the  silanol  groups  (Si-OH)  and  the  molecular  water  (figure  2). [5-7]  With 
the  stabilization  temperature  increasing,  two  phenomena  occur:  1)  the  absorption  bands  decrease  in 
intensity  corresponding  to  the  release  of  "water"  by  the  sample,  and  2)  the  transmission  cutoff  in 
die  ultraviolet  range  shifts  to  lower  wavelengths.  For  die  sample  stabilized  at  950X  die  spectrum 
presents  only  the  major  absorption  bands  of  die  Si-OH. 

Figure  3  shows  the  variation  of  the  011  radical  concentration  in  the  gel  as  a  function  of 
temperature.  The  calculation  of  diis  OH  radical  content  was  done  using  a  formula  derived  from  die 
one  used  for  Oil  content  determination  in  silica  glasses  18]  and  applied  to  the  absorption  band  at 
1.36  |im  of  die  first  overtone  of  the  fundamental  absorpuon  peak  of  Si-OH  groups  (2.73  lim). 
Since  the  exunction  coefficient  is  not  presendy  available  to  quantify  die  water  content  using  this 
band,  die  results  are  plotted  in  arbitrary  units.  However,  diis  figure  shows  that  the  OH  radical 
content  in  die  gel  decreases  rapidly  with  increasing  temperature 

The  data  collected  in  this  study  allow  the  definition  of  tliree  different  sequences  during  the  sintering 
treatment. 

1)  Between  room  temperature  and  900X  there  is  a  continuous  evolution  of  the  gel 
properties.  This  evolution  is  faster  for  the  higher  temperatures,  especially  between  800X  and 
900X.  This  evolution  occurs  mainly  by  loss  of  water.  The  specific  surface  area  and  the  total  pore 
volume  decrease  as  a  result  of  condensation  reactions  which  cause  the  network  to  become  more 
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and  more  interconnected  without  causing  any  change  in  the  calculated  average  pore  radius  (figure 
4).  As  interconnectivity  increases  tire  bulk  density  and  microhardness  increase  by  the  same  trend, 
as  expected  (Table  1).  The  trend  in  microhardness  is  illustrated  in  figure  3. 

2)  Between  90032  and  95032  the  densification  takes  place  more  rapidly  since  the  viscosity 
of  the  material  is  low  enough  to  allow  viscous  sintering.  Measured  changes  are  much  more 
dramatic. 

3)  Above  95032,  pores  remaining  in  the  sample  begin  to  close  resulting  in  bloating  of  the 
sample.  At  this  stage  the  sample  loses  its  transparency,  its  homogeneity  and  its  ability  to  be  used 
as  porous  matrix  for  optical  components. 

The  ultrastructure  data  also  shows  that  the  sintering  of  this  particular  type  of  gel  silica  occurs 
without  variation  of  the  average  pore  size,  maintaining  or  enhancing  the  optical  transmission  of  the 
porous  sample. 

3.  Potential  applications  of  porous  gel-silica  matrices 

The  properties  and  characteristics  of  porous  gel-silica,  in  particular  porosity  and  transmission, 
make  this  material  adequate  for  the  development  of  new  types  of  optical  elements. [9]  The  porous 
phase  of  this  gel-silica  matrix  can  be  filled  with  a  second  phase  with  very  special  properties  to 
produce  a  composite  material.  The  completely  open  porosity  and  the  very  small  size  of  the  pores 
allow  the  production  of  a  nano-scale  composite  with  good  macro  homogeneity.  The  doping  phase 
can  be  either  an  inorganic  material  such  as  metallic  cations  or  an  organic  compound  which  leads  to 
the  preparation  of  organic/inorganic  composites.  Examples  of  these  two  types  of  applications  is 
briefly  described  below,  as  well  as  a  possible  direct  application  of  the  porous  gel-silica  matrix. 

3.1.  Microoptical  arrays  [10J 

The  basic  components  for  digital  optics  have  been  identified  as  modulator  and  detector  arrays, 
which  in  many  cases  require  microlens  arrays  for  imaging.  Stacked  planar  optics  is  an  attractive 
technology  for  digital  optics,  and  can  be  used  for  many  possible  applications,  such  as  optical 
computing,  camera  auto  focus  modules,  or  imaging  bar  lenses  in  photocopiers. 

The  basic  unit  of  the  array  is  the  individual  microlens  which  is  a  region  with  an  index  gradient 
embedded  in  a  glass  substrate  as  a  result  of  selective  doping.  The  actual  manufacture  of  this  type 
of  lens  is  difficult  and  often  leads  to  optical  aberrations,  limiting  the  number  of  components  which 
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may  be  stacked  together. 

Sol-gel  technology  offers  the  possibility  to  minimize  spatial  aberration  by  doping  a  porous  gel- 
silica  matrix  or  preform.  The  porous  gel-silica  is  doped  selectively  with  polarisable  ions,  e.g. 

Ba2+»  or  glass  structure  modifiers,  e.g.  Pb2+>  and  the  dopant  elements  are  trapped  in  the  glass  by 
subsequent  densification  to  form  a  microlens  array. 

3.2.  Scintillations  detectors  [4J 

Organic  plastic  scintillators  have  been  used  for  particle  detection  for  about  thirty  years.  They  have 
two  advantages:  1)  Fluorescence  decay  times  as  short  as  1  nanosecond,  and  2)  Light  output 
proportional  to  energy  deposition  in  the  detector.  It  is  well  known,  however,  that  plastic 
scintillators  are  rather  sensitive  to  ambient  radiation  which  results  in  strong  absorption  of  light  for 
doses  as  small  as  105  rd. 

Scintillating  glasses  have  been  developed  slowly  over  the  last  twenty  five  years  but  never  came  into 
general  use  as  particle  detectors.  Because  of  the  high  temperature  used  in  the  production  of  glass, 
organic  fluors  were  excluded  as  dopants  and  only  inorganic  dopants  such  as  cerium  and  terbium 
oxides  could  be  used.  The  advantages  of  scintillating  glasses  are  that  they  are  heavier  and  less 
sensitive  to  radiation  than  plastic  scintillators.  On  the  other  hand,  their  fluorescence  decay  times 
have  been  found  to  be  rather  long. 

To  meet  the  present  day  rate  and  radiation  dose  requirements  it  would  be  desirable  to  have  a 
scinullator  with  the  high  radiation  resistance  of  pure  silica  glass  and  the  short  fluorescence  decay 
time  of  organic  fluors.  Because  of  the  high  radiation  resistance  of  silica,  sol-gel  technology  opens 
the  exciting  possibility  of  doping  glass  with  fast  organic  fluors  which  would  provide  an  important 
advancement  in  particle  detection.  Although  the  sol-gel  scintillators  produced  to  date  are  far  from 
being  optimized,  the  first  results  prove  the  feasibility  of  producing  a  fast,  radiation  hard  scintillator 
using  the  sol-gel  process.  Reference  four  explains  in  detail  the  optical  charatteristics  of  prototypes 
of  fast,  radiation  hard  scintillation  detectors. 

3.3.  Optical  waveguides 

Optical  waveguides  on  a  glass  substrate  represent  the  basis  for  passive  components  such  as 
multiplexers,  couplers,  or  wavelength  filters  used  in  integrated  optical  applications  for  optical 
communication  and  sensors . 
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Various  techniques  for  fabricating  glass  waveguides  have  been  reported  in  the  literature  and 
include:  techniques  such  as  sputtering,  ion  implantation,  ion-exchange,  and  chemical  vapor 
deposition.  Today,  these  last  two  techniques  are  the  most  successful.  The  ideal  would  be 
waveguides  made  in  silica  substrates,  preferably  without  any  dopant  for  tailoring  the  index  profile, 
and  maintaining  the  monolithic  nature  of  the  devices. 

The  sol-gel  technology  leading  to  the  manufacture  of  porous  gel-silica  matrix  offers  a  possible 
substrate  for  waveguides.  Two  approaches  can  be  pursued.  First,  the  selective  doping  of  the 
substrate  using  controlled  diffusion  in  the  porous  silica  in  order  to  change  the  refractive  index  of 
the  material.  Second,  the  local  heating  of  some  selected  portion  of  the  substrate  to  increase  the 
density  and  index  of  refraction  of  the  glass.[  11]  By  C02  laser  densification,  optical  waveguides 
have  been  made  using  laser  writing  of  higher  density  tracks  on  porous  gel-silica  substrate.[12] 

It  was  demonstrated  that  both  of  these  techniques  can  induce  the  index  of  refractive  changes  of  the 
right  magnitude  to  fabricate  single  mode  waveguides.  The  second  technique  presents  the 
possibility  to  produce  ideal  pure  silica  waveguide.  The  major  advantage  of  this  type  of  waveguide 
is  that  it  matches  the  index  of  refraction  of  silica  fiber  optics,  which  is  not  the  case  for  ion- 
exchanged  or  diffusion  based  waveguides. 

The  technique  of  doping  a  pure  gel-silica  matrix  with  inorganic  or  organic  compounds  is  not 
restricted  to  tire  applications  described  in  this  paper,  but  can  be  used  for  the  preparation  of  a  wide 
variety  of  optically  active  materials,  such  as  optical  filters  113],  dye  lasers,  non  linear  optic 
components,  optical  data  storage  media,  and  many  others. 

4.  Conclusion 

This  study  showed  that  it  is  possible  to  produce  stabilized  sol-gel  monoliths  with  a  range  of 
properties,  and  free  of  organic  residues.  The  sintering  of  this  type  of  gel  silica  occurs  in  roughly 
three  stages,  with  the  last  resulting  in  pore  closure  and  ultimate  destruction  of  the  sample  above 
about  950CC.  If  heating  is  stopped  prior  to  this  a  semi-stable,  porous,  gel-silica  matrix  can  be 
produced.  Demonstration  of  possible  applications  of  such  a  matrix,  such  as  microlens  arrays, 
scintillating  detectors,  and  waveguides  have  been  reported. 
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Table  Caption 


1 .  Properties  and  characteristics  of  porous  gel-silica  monoliths  vs  densification  temperature 

Figure  Captions 

1 .  Thermomechanical  analysis  of  a  porous  gel-silica  monolith 

2.  Optical  transmission  of  gel-silica  monolith  vs  densification  temperature 

3.  OH  Radical  Content  ([OH])  and  Sample  Microhardness  (SMH)  vs  Densification  Temperature 

4.  Specific  Surface  Area  (SS  A)  and  Total  Pore  Volume  (TPV)  vs  Densification  Temperature 
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Jean-Luc  R.  Nogues  and  Anthony  J.  LaPaglia 
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ABSTRACT 


For  many  years  the  market  share  maintained  by  U.S.  optics  manufacturers  has  been  declining  continuously  caused  in  part  by 
intense  competition  principally  from  countries  in  the  Far  East,  and  in  part  by  the  lack  of  a  highly  trained  cadre  of  opticians 
to  replace  the  current  generation. 

This  fact  could  place  in  jeopardy  the  defense  system  of  the  United  States  in  case  of  international  war.  For  example,  in  1987, 
optical  glass  component  imports  accounted  for  approximately  50  percent  of  the  Department  of  Defense  (DOD)  consumpuon. 
GELTECH’s  sol-gei  technology  is  a  new  process  for  making  a  high  quality  optical  glass  and  components  for  commercial  and 
military  uses.  This  technology  offers  in  addition  to  being  a  local  source  of  optics,  the  possibility  to  create  new  materials  for 
high-tech  optical  applications,  and  the  elimination  of  the  major  part  of  grinding  and  polishing  for  which  the  skill  moved  off¬ 
shore. 

This  paper  presents  a  summary  of  the  sol-gel  technology  for  the  manufacture  of  high  quality  optical  glass  and  components. 
Properties  of  pure  silica  glass  made  by  sol-gel  process  (Type  V  and  Type  VI  silicas)  are  given  and  include:  ultraviolet,  visible 
and  near  infrared  spectrophotometry,  optical  homogeneity  and  thermal  expansion.  Many  applications  such  as  near  net  shape 
casting  or  Fresnel  lens  surface  replication  arc  discussed.  Several  potential  new  applications  offered  by  the  sol-gei  technology 
such  as  organic- inorganic  composites  for  non  linear  optics  or  scintillation  detection  are  also  reported  in  this  paper. 

1.  SOME  TRENDS  OF  THE  U.S.  OPTICAL  INDUSTRY 

In  1985,  the  optics  production  capacity  for  defense  applications  was  estimated  to  be  able  to  supply  87  percent  of  the  optical 
component  military  needs  but  the  production  capacity  was  dropping  regularly  by  over  20  percent  per  year.  The  possibility  to 
reverse  this  trend  and  to  increase  the  production  capacity  of  U.S.  manufacturers  looked  difficult  and  long,  due  to  shortages  of 
skilled  opticians  and  long  lead  times  for  raw  materials. 

In  1987,  the  Department  of  Defense’s  Joint  Logistics  Commanders  anticipated  in  peacetime  a  requirement  of  approximately 
100,000  optical  components  per  montl  of  the  types  used  for  direct  applications  in  military  systems.1  In  case  of 
mobilization,  the  requirement  for  military  optical  components  were  found  to  be  much  greater. 

The  same  year,  optical  glass  component  imports  already  accounted  for  more  than  50  percent  of  the  Department  of  Defense 
(DOD)  consumption.  The  potential  of  converting  commercial  production  capacity  to  military  production  appeared  inadequate 
to  support  the  rapid  increase  in  optical  elements  needed  to  meet  emergency  defense  requirements  and  would  ruin  the 
development  of  the  commercial  optical  industry. 

During  the  last  few  years  the  increasing  need  of  optical  elements  was  boosting  the  imports  from  all  over  the  world  with  a 
large  predominance  from  the  small  countries  of  the  Pacific  Rim  (Korea,  Taiwan,  Malaysia,  Hong-Kong)  where  labor  rates  are 
perhaps  one-tenth  those  of  the  U.S.. 

Figure  1  presents  the  trends  of  imports  and  exports  of  all  optical  elements  over  a  time  period  from  1978  to  1986.  This 
figure  shows  that  the  imports  increased  by  more  than  a  factor  2  over  a  few  years  while  the  exports  were  decreasing  slightly. 
This  means  that  the  U.S.  manufacturer  share  of  the  market  of  optical  components  was  decreasing  drastically  over  the  years. 
This  trend  applies  for  all  optical  market  segments  such  as  for  example  laser  applications  and  figure  2  presents  the  estimated 
sources  of  laser  optics  by  world  regions.  It  was  estimated  in  1984  that  62  percent  of  the  laser  optics  used  in  the  U.S.  were 
from  domestic  source,  the  projection  for  1990  predicts  a  U.S.  market  share  of  about  only  37  percent.2  Because  the  need  for 
this  type  of  optical  component  is  expected  to  increase  by  over  40  percent,  the  decrease  in  market  share  becomes  even  more 
dramatic. 
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Today,  most  optical  companies  are  reliant  to  some  degree,  between  36  and  70  percent  function  of  the  type  of  components,  on 
imports  of  materials,  parts  and  production  equipment.  In  general,  imports  are  used  because  of  three  main  reasons: 
availability  of  materials  or  equipment,  lower  prices,  and  sole  sources  due  to  the  extinction  of  U.S.  suppliers  or  the  set  up  of 
subsidiaries  in  the  Far  East  in  an  attempt  to  reduce  production  costs  and  increase  competitiveness. 

Every  phase  of  the  business  from  raw  materials  to  finished  optical  products  has  been  impacted.  For  the  past  few  years  more 
than  70  percent  of  the  glass  used  by  U.S.  optical  component  producers  were  imported  and  this  percentage  is  expected  to 
increase  in  the  near  future.  The  percentage  of  optical  components  from  overseas  rises  up  to  98  percent  for  some  specific 
optical  applications.  Another  consequence  of  these  circumstances  is  that  the  overall  employment  in  the  optical  industry  has 
declined  by  over  40  percent  in  only  five  years. 

In  summary,  the  need  of  optical  components  in  the  United  States  is  growing  very  rapidly  but  the  market  share  maintained  by 
U.S.  optical  manufacturers  has  been  declining  continuously  for  many  years  caused  in  part  by  intense  competition  principally 
from  countries  in  the  Far  East  and  in  part  by  the  lack  of  a  highly  trained  cadre  of  opticians  to  replace  the  current  generauon. 
The  requirement  of  large  imports  of  military  optical  components  represents  a  real  threat  which  could  place  in  jeopardy  the 
defense  system  of  the  United  State. 

Today  the  U.S.  optical  manufacturers  have  to  try  to  reverse  these  trends  and  have  to  define  new  strategies  for  the  future  if 
they  want  to  keep  or  increase  their  market  share,  and  at  the  same  time  decrease  the  dependency  of  the  U.S.  on  foreign 
suppliers.  An  identification  of  the  key  elements  in  the  optical  industry  is  at  thjg  point  necessary  to  understand  better  the 
factors  leading  to  the  decline  of  the  U.S.  optical  industry. 

The  manufacture  of  optical  components  involves  three  broadly  defined  stages  of  production.  The  first  stage  is  the  raw  glass 
production  mainly  by  melting  various  raw  materials  in  high  temperature  furnaces.  The  second  stage  begins  with  the 
annealing  of  the  blocks,  slabs  or  gobs  manufactured  in  stage  1  and  continues  with  the  cutting,  slicing  and  even  pressing  of 
the  raw  glass  to  produce  blanks  or  preforms.  Both  stages  are  capital  intense  operations  and  require  large  volume  production 
to  achieve  cost  economies.  The  third  stage  of  optical  element  production  is  the  finishing  stage.  It  is  a  very  labor  intense 
stage  which  requires  special  skilled  personnel  and  represents  up  to  80-90  percent  of  the  component  cost.  At  this  stage  the 
blanks  are  ground  to  near  net  shape  and  further  polished  to  the  adequate  standard  for  each  specific  optical  application.  The 
process  to  manufacture  optical  elements  is  in  fact  high  capital  and  high  labor  intense  operations.  Today  the  U.S.  equipment 
park  is  old  and  the  skilled  personnel  is  not  replaced  after  retirement.  To  be  competitive  on  the  market  place  very  large 
investments  (equipment  and  personnel)  are  an  indispensable  necessity  but  with  the  purchasing  of  large  quantities  of  optical 
components  offshore,  domestic  manufacturers  could  not  generate  enough  profits  to  modernize  their  capital  equipment  and 
simultaneously  form  an  apprenticeship  program  to  develop  a  new  generation  of  opticians.  This  route,  to  be  very  successful 
in  the  optical  industry,  looks  very  difficult  and  many  companies  are  investigating  other  alternatives. 

Some  companies  are  doing  very  well  in  the  optical  business  because  they  developed  a  specialty  in  a  high-tech  segment  of  the 
market  and  they  are  trying  to  stay  in  front  of  the  progress.  Examples  of  high-tech  segments  include  laser  development, 
infrared  materials  and  optoelectronic  applications.  Other  small  companies  are  devoting  their  effort  to  develop  niche 
marketing  applications  but  they  are  always  vulnerable  to  smaller  and  more  aggressive  niche  marketers. 

Another  way  to  be  successful  i-<  the  optical  application  business  is  to  look  for  new  technologies  such  as  sol-gel  processes, 
diamond  turning,  gradient  index  optics,  replication,  molding,  and  other  novel  solutions.  In  this  paper  we  will  focus  on  Sol- 
Gel  Technology  as  a  new  manufacturing  process  which  can  offer  smart  solutions  to  the  crucial  problem  of  the  U.S.  optical 
component  manufacture  industry.  This  work  addresses  in  particular  the  manufacture  of  pure  silica  for  commercial  and 
military  optical  applications. 


2.  SOL-GEL  TECHNOLOGY  BACKGROUND 

The  sol-gel  technology  for  forming  glasses  and  glass-ceramics  received  a  great  deal  of  attention  during  the  last  two  or  three 
decades  because  of  the  recognized  advantages  inherent  in  the  method.^'5  The  three  main  advantages  of  the  sol-gel  process 
are: 


3 


1.  The  possibility  of  obtaining  glasses  difficult  to  prepare  with  a  high  degree  of  homogeneity  by  conventional  methods  of 
fusion.  The  good  homogeneity  is  obtained  at  the  beginning  of  the  process  by  mixing  the  different  liquid  precursors  together 
at  relatively  low  temperature.  This  mixing  allows  an  homogeneity  of  the  various  elements  at  a  molecular  level  and  this 
homogeneity  can  be  kept  in  many  cases  through  the  complete  processing. 

2.  The  possibility  of  obtaining  high  purity  due  to  the  chemical  aspects  of  the  raw  materials  which  can  be  supplied  in  an 
electronic  grade  for  the  majority  of  them. 

3.  The  potential  of  molding  to  near  net  shape  by  casting  at  low  temperatures  the  sol  into  molds  of  predetermined  shapes. 

The  first  two  advantages  allows  for  the  preparation  of  excellent  materials  for  high-tech  applications  such  as  advanced  optics, 
optoelectronic  devices  and  tailored  ceramics.  The  third  advantage  allows  for  the  preparation  of  parts  at  lower  manufacturing 
costs  and  opens  the  possibility  of  the  manufacture  of  elements  with  special  surface  features.  Table  1  shows  a  list  of 
potential  advantages  offered  by  the  sol-gel  technology  toward  the  preparation  of  glasses  and  glass  ceramics. 

Table  1.  Some  advantages  of  the  sol-gel  processing 


Better  homogeneity 
Better  purity 

Lower  temperature  of  preparation 
New  noncrystalline  solids 
New  crystalline  solids 
Special  products  such  as  films 
Near  net  shape  casting 
Surface  feature  optics 


The  sol-gel  process  can  be  divided  in  three  main  steps: 

1.  Gel  formation. 

2.  Drying. 

3.  Consolidation  (densification,  sintering). 

In  the  first  step,  the  necessary  ingredients  are  mixed  to  produce  a  sol.  By  destabilization  or  hydrolysis  and  polycondensation 
of  the  sol,  the  three  dimensional  network  of  the  future  glass  is  formed  and  the  solution  sets  into  a  stiff  gel  called  wet  gel. 
After  an  aging  step  necessary  to  develop  the  formation  of  the  initial  texture  of  the  material,  the  aged  wet  gel  is  dried.  This 
crucial  step  consists  of  eliminating  the  interstitial  liquid  from  the  gel  body.  This  induces  a  drastic  modification  of  the  texture 
of  the  gel  which  leads  often  to  the  destruction  of  the  monolith  aspect  of  the  material.  The  dry  gel  is  then  heat-treated  to 
convert  the  porous  solid  into  an  homogeneous  glass  free  of  porosity. 

The  sol-gel  technology  is  very  complex  and  many  processes  have  been  developed  for  very  specific  applications.  The 
following  parts  of  this  paper  address  the  production  of  pure  gel-silica  monolithic  glass  for  optics  applications. 

3.  GEL-SILICA  PROCESS 

A  large  amount  of  the  optics  used  in  the  world  are  made  in  pure  silica  glass  because  of  its  very  good  optical  transmission, 
refractive  index  homogeneity,  low  coefficient  of  thermal  expansion,  very  good  thermal  and  chemical  stability,  and  its  ability 
to  be  polished  to  high  standards. 

There  are  presently  four  major  methods  of  manufacturing  silica  optics.  The  first  two  methods  involve  melting  at  high 
temperatures  natural  quartz  crystals.  These  processes  produce  Type  I  and  Type  II  Fused  Quartz  which  provides  for  average 
optical  properties  due  to  substantial  amounts  of  cation  and  hydroxyl  impurities,  defects,  seeds,  bubbles,  inclusions,  and 
microcrystallites. 
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The  other  two  processes  produce  Type  in  and  Type  IV  Fused  Silicas.  They  are  made  by  vapor-phase  hydrolysis  and  oxidation 
of  pure  silicon  tetrachloride  respectively.  The  higher  purity  of  the  raw  materials  allows  cation  impurity  contents 
substantially  lower  than  in  fused  quartz.  These  two  processes  lead  to  a  higher  quality  of  glass  than  Types  I  and  n  but  do  not 
permit  the  direct  manufacture  of  neat  net  shape  optics.6 

The  sol-gel  processing  of  pure  silica  glass  has  the  potential  of  producing  a  high  quality  optical  glass  due  to  the  high  purity 
of  raw  materials  and  at  the  same  time  the  production  of  near  net  shape  parts  which  require  a  minimum  of  finishing. 

The  pure  silica  sol-gel  process  described  in  this  paper  includes  several  steps:  mixing,  casting,  gelation,  aging,  drying, 
densification,  and  requires  total  control  of  each  process  variable  to  be  successful.  Figure  3  gives  a  synoptic  of  the  entire  gel- 
silica  process. 
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Fig.  3.  Gel-silica  process  sequence 


Alkoxide  silicon  precursors  are  choosing  over  colloidal  suspension  raw  materials  because  of  their  higher  level  of  purity. 
Typical  silica  precursors  are  tetraethylorthosilicate  (TEOS)  and  tetramethylorthosilicate  (TMOS)  which  can  be  produced  in 
the  USA  in  various  levels  of  purity.  The  silica  sol  is  prepared  by  adding  the  silica  precursor  to  deionized  water.  Hydrolysis 
of  the  silica  precursor  and  condensation  reactions  occur  during  this  mixing  step: 

Hydrolysis:  Si(OR)4  +  4  H2O  — >  Si(OH)4  +  4  ROH  (1) 


Condensation: 


Si(OH)4  - >  Si02  (gel)  +  2H20 


(2) 


After  complete  homogeneity  of  the  sol  is  reached,  the  solution  is  cast  into  molds  of  specific  shapes.  The  polycondensation 
reaction  continues  and  the  silica  particles  randomly  link  together  and  form  a  three-dimensional  network.  This  mechanism 
increases  the  viscosity,  the  soi  loses  its  freedom  of  movement  and  becomes  a  rigid,  wet  gel  having  the  shape  and  surface 
quality  of  the  mold.  This  phenomena  is  called  gelation. 

During  the  aging  step,  the  polycondensation  reaction  continues  to  build  the  glass  network  giving  at  the  same  time  enough 
strength  to  the  gel  to  resist  and  support  without  cracking  the  tremendous  stresses  developed  during  the  drying  step.  During 
this  drying  step,  the  by-products  of  the  hydrolysis  and  condensation  reactions  are  eliminated  and  the  final  product  is  an 
ultraporous  monolithic  body  with  the  shape  and  surface  details  of  the  original  mold. 

The  last  step  of  this  process  corresponds  to  the  densification  of  the  dried  gel  via  elimination  of  the  porosity  by  heat 
treatment.  During  the  first  part  of  this  densification  treatment  (up  to  600°C)  the  organic  impurities  present  in  the  pore  of  the 
gel  are  eliminated  in  order  to  leave  a  pure  silica  material  which  can  be  heated  up  for  full  densification  after  an  additional 
dehydration  period.  This  dehydration  treatment  is  necessary  to  drop  the  residual  hydroxyl  group  content  lower  than  5  ppm  in 
the  fully  dense  pure  gel-silica  glass  (Type  V).  When  the  process  of  densification  is  stopped  before  reaching  complete 
densification,  a  partially  dense  pure  gel-silica  glass  (Type  VI)  is  produced  and  can  be  used  for  some  very  novel  applicauons  as 
described  below. 

The  glasses  manufactured  by  this  specific  process  developed  in  GELTECH,  Inc.  are  identified  as  Dense  Gelsil™  (Type  V 
silica)  and  Porous  Gelsif™  (Type  VI  silica)  for  the  fully  dense  and  partially  dense  glass  respecuvely.  Details  of  the 
producuon  processes  of  these  two  gel-silicas  were  published  elsewhere. 

4.  PROPERTIES  AND  APPLICATIONS  OF  GEL-SILICAS 

4.1  Properties  of  dense  gel-silica  (Type  V  Silica)7 

One  of  the  primary  reasons  for  use  of  alkoxidc  derived  silica  giass  is  an  improvement  of  purity  and  homogeneity.  The  high 
purity  of  the  raw  materials  in  addition  to  a  lower  temperature  process  have  permitted  the  manufacture  of  gel-silica  glass  with 
a  very  high  optical  transmission  throughout  the  optical  spectrum  and  in  particular  an  outstanding  ultraviolet  transmission 
cut-off.  Figure  4(a)  presents  a  comparison  of  the  optical  transmission  in  the  ultraviolet  wavelength  range  for  Type  V  silica 
and  a  Type  III  silica  available  on  the  market.  Figure  4(b)  shows  the  elimination  of  the  absorpuon  bands  in  the  near  infrared 
for  Type  V  silica  in  comparison  with  Type  III  silica  which  exhibits  peaks  at  1400  nm  and  2200  nm,  and  a  very  broad 
absorption  band  at  2730  nm. 

The  quality  of  the  raw  material  in  addition  to  a  very  well  controlled  process  allows  for  the  manufacture  of  glass  with  an  index 
of  refraction  homogeneity  of  about  1-6X10*6,  no  evidence  of  bubbles,  no  striae,  very  low  strain  birefringence  of  4-6  nm/cm, 
and  very  low  residual  hydroxyl  group  concentration. 

A  very  low  coefficient  of  thermal  expansion  and  very  good  thermal  stability  are  also  important  physical  properties  for  pure 
silica  optical  glass.  The  alkoxide  derived  process  leads  to  the  manufacture  of  Type  V  silica  having  a  lower  expansion  than 
the  Nauonal  Institute  of  Standards  and  Technology  (NIST)  silica  standard  and  Types  III  and  IV  commercial  silicas  over  the 
temperature  range  of  25'C  to  700qC  as  shown  in  figure  5.  Figure  6  shows  the  good  thermal  stability  of  Type  V  silica  over 
the  same  range  of  temperature. 

The  overall  properties  measured  on  alkoxide  derived  Type  V  silica  are  generally  equivalent  to  or  superior  to  the  best  grades  of 
Types  I  to  IV  commercial  optical  silicas.  This  Type  V  silica  represents  a  potential  alternative  to  all  the  different  types  of 
pure  silica  commercially  available  today  and  used  for  civilian  or  military  applications.  The  Type  V  silica  production  is  not 
an  equipment  or  labor  intensive  operation,  does  not  require  any  special  equipment  available  only  from  overseas,  and  decreases 
pan  of  the  dependency  of  the  United  States  on  foreign  suppliers. 
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Fig.  4.  Optical  transmission  of  various  silicas 


Fig.  S.Thermal  expansion  of  various  silicas 


Fig.  6.  Thermal  stability  of  dense  gel-silica  (Type  V) 


4.2  Properties  of  porous  gel-silica  (Type  VI  Silica)8 

An  important  feature  of  the  aikoxide  derived  silica  process  is  that  with  sufficient  control  of  the  kinetics  and  ultrastructure,  it 
is  possible  to  produce  an  optically  transparent  pure  silica  which  has  a  substantial  residual  porous  volume  (Type  VI  silica). 
This  Type  VI  silica  is  transparent  because  the  pores  have  a  very  small  average  diameter  of  about  2.5  nm  and  do  not  induce 
too  much  light  scattering.  The  transmission  spectra  of  a  porous  gel-silica  is  shown  in  figure  7.  This  spectrum  shows  that 
the  samples  sull  transmits  50  percent  of  light  at  wavelength  as  low  as  290-300  nm,  and  displays  the  typical  absorption 
bands  principally  due  to  the  residual  hydroxyl  groups  and  their  overtones. 

The  properties  of  this  material  are  a  function  of  the  final  maximum  temperature  of  densification.  This  feature  in  addition  to 
the  possibility  to  be  able  to  change  the  pore  diameter  during  the  process  allows  for  the  manufacture  of  tailored  porous  gel- 
silica  for  specific  applications. 

There  is  very  little  change  in  the  average  diameter  of  the  interconnected  pores  during  the  densification  but  their  number 
decreases  rapidly  as  the  temperature  increases.  Consequently  the  ultrastructure  and  physical  properties  of  the  gel  change 
dramatically  during  the  consolidation  treatment.  Figure  8  shows  the  decrease  in  total  porous  volume  and  specific  surface 
area,  determined  by  quantitative  nitrogen  absorption-desorption  measurements,  of  gel-silica  samples  over  a  temperature  range 
of  200^  and  900qC.  Figure  9  presents  the  increase  in  bulk  density  and  microhardness  over  the  same  range  of  temperature. 

For  a  practical  range  of  densification  temperature  from  600X!  to  900*0,  the  porous  gel-silica  presents  the  following  ranges 
of  characteristics: 


Total  pore  volume: 
Specific  surface  area: 
Bulk  density: 
Microhardness: 


0.4  to  0.2  cc/g 
620  to  290  sq.  m/g 
1.3  to  1.5  g/cub.  cm 
100  to  285  Kg/sq.  mm 
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Fig.  9.  Physical  characteristics  of  porous  gel-silica  (Type  VI) 
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The  physical  properties  of  porous  gel-silica  (Type  VI)  described  above  are  auractive  for  many  potential  applications.  The 
low  density  can  be  interesting  for  lightweight  optical  component  applications.  The  interconnected  residual  porosity  of  the 
components  makes  them  desirable  for  thermally  cooled  optics  or  for  molecular  filtration  devices.  This  type  of  porous  glass 
can  be  used  as  substrates  for  diffusion  to  produce  graded  refractive  index  optics  (GRIN)  or  as  substrates  for  silica  waveguides. 
The  type  of  applications  where  the  most  investigations  were  accomplished  is  for  the  production  of  composites  by  doping  or 
impregnation  of  a  second  phase  into  the  interconnected  pore  network.  This  technique  allows  the  producuon  of  nano-scale 
composites  because  of  the  size  of  the  pore  of  about  2  to  10  nanometers  in  diameter.  Many  composites  had  already  been 
prepared  and  successfully  tested  at  laboratory  scale.  These  composites  include  the  impregnation  of  the  porous  gel-silica 
matrices  with  organic  fluors,  wavelength  shifters9,  non-linear  optical  polymers  or  compounds,  laser  dyes,  liquid  crystals,  etc. 
Details  of  properties  and  specific  potential  applications  of  porous  gel-silica  are  published  elsewhere.10 

Another  unique  application  of  Type  VI  silica  is  for  pure  silica  optical  waveguide  substrates.1 1  By  laser  densification,  optical 
waveguides  have  been  made  using  laser  writing  of  higher  density  tracks  on  the  porous  gel-silica  substrate.  The  higher 
density  tracks  have  a  greater  index  of  refraction  than  the  porous  matrix  and  therefore  can  serve  as  a  planar  waveguide.  The 
major  advantage  of  this  type  of  waveguide  is  that  it  matches  the  index  of  refraction  of  silica  fiber  optics,  which  is  not  the 
case  for  ion-exchanged  or  diffusion  based  waveguides. 


This  Type  VI  porous  silica  represents  a  new  material  with  tremendous  potential  possibilities  of  developments  for  optical  and 
optoelectronic  applications. 


5.  AS-CAST  SHAPES  AND  SURFACE  FEATURES 

Another  area  of  potential  advantage  of  sol-gel  optics  processing  is  that  of  obtaining  net  shapes  and  surfaces,  or  at  least  near- 
net  shapes  and  surfaces,  directly  through  casting  sols  at  low  temperature  into  molds  of  predetermined  configurations. 

As  explained  in  the  first  part  of  this  paper,  the  grinding  and  polishing  of  a  lens  from  the  raw  glass  represents  up  to  80-90 
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Fig.  10.  The  different  steps  of  the  casting  to  shape  concept 


The  first  step  of  the  casting  to  shape  processing  is  the  design  of  a  mold  from  the  design  of  the  lens  to  produce.  This  design 
is  done  based  on  a  multitude  of  data  on  the  shrinkage  of  the  gel  during  the  process  as  a  function  of  its  shape  and  its 
dimensions  (diameter,  thickness,  radius  of  curvature,  etc.).  All  this  data  on  shrinkage  is  necessary  to  build  a  computer  model 
and  reduce  the  number  of  iterations  to  achieve  the  production  of  parts  with  the  initial  dimensional  tolerances. 

The  second  step  consists  of  modifying  the  sol-gel  process  to  be  able  to  age,  dry  and  densify  the  gel  without  cracking  after 
casting  the  sol  into  the  manufactured  mold. 

Each  different  optical  component  requires  the  design  of  a  specific  mold  and  an  adaption  of  the  sol-gel  process.  But  these 
operations  have  to  be  done  only  once  and  their  cost  amortized  over  a  large  number  of  parts,  whereas  the  cost  of  grinding  and 
polishing  is  directly  proportional  to  the  number  produced. 
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Fig.  11.  Plano/convex  gel-silica  lenses  (Dried  and  dense) 


Figure  11  shows  the  photograph  of  plano-convex  lenses  produced  by  casung  to  shape  without  any  additional  processing. 
Their  dimensions  are  in  good  agreement  with  the  dimensional  limns  of  commercial  lenses. 

This  concept  of  casung  to  shape  is  even  more  important  and  more  economic  when  the  optical  element  presents  a  complex 
shape  such  as  aspheric  or  cylindrical.  The  advantages  of  near  net  shape  casung  includes  the  ability  to  form  internal  cavities 
using  a  modificauon  of  the  normal  sol-gel  process. 

Another  application  of  net  shape  casung  is  the  replicauon  of  specific  surface  features.  For  example,  Fresnel  lens  were 
manufactured  by  directly  casung  the  sol  into  a  mold  having  a  surface  with  the  negative  indentauon  of  the  surface  to 
reproduce.  Microscopy  and  profilometry  shown  that  the  replication  of  the  surface  details  is  good  and  was  maintained  through 
full  densificauon.  The  advantages  of  the  silica  Fresnel  lens  over  a  polymer  lens  is  the  very  good  chemical  and  thermal 
stability  in  addition  to  superior  optical  properties.  The  surface  feature  replication  is  a  new  possibility  for  opucal 
components  and  will  offer  many  new  developments  for  optics  and  optoelectronic  applications. 

6.  CONCLUSIONS 

The  trends  of  the  optical  industry  shows  that  the  market  share  maintained  by  U.S.  manufacturers  has  been  declining 
conunuously  and  dramaucally  over  the  years.  With  the  increasing  need  of  optical  components  and  the  tremendous  level  of 
imports  to  till  this  need,  the  dependency  of  the  U.S.  to  foreign  suppliers,  especially  for  defense  applications,  represents  a  real 
threat. 

The  sol-gel  technology  can  represent  a  good  alternative  by  offering  the  U.S.  a  source  of  high  quality  optical  components. 
This  technology  in  not  as  capital  and  labor  intensive  as  the  conventional  manufacturing  process  and  should  allow  U.S.  sol- 
gel  opucs  producers  to  set  up  easily  producuon  facilities  and  to  be  competitive  enough  to  reverse  todays  trends. 
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The  specific  sol-gel  process  described  in  this  paper  allows  the  production  of  a  dense  gel-silica  (Type  V)  with  excellent 
optical,  physical  and  structural  characteristics,  generally  equivalent  to  or  superior  to  the  best  grades  of  commercial  available 
Type  I  to  IV  optical  silicas.  In  addition  this  process  permits  the  production  of  a  new  material  called  porous  gel-silica  (Type 
VI)  which  presents  good  optical  and  physical  properties,  and  could  be  used  for  many  novel  applications. 

Both  Types  V  and  VI  silica  offer  the  advantage  of  near  net  shape  casting  and  surface  feature  replication  which  can  eliminate  to 
a  large  extent  the  need  of  grinding  and  polishing,  and  the  production  of  optics  with  surface  details  such  as  Fresnel  lens. 

Even  though  new  technologies  such  as  sol-gel  process  are  under  investigation  in  order  to  try  reverse  actual  optical  market 
trends,  it  is  easy  to  prognosticate  that  domestic  manufacturers  can  look  forward  to  at  least  a  few  more  painful  years.  The 
future  of  the  optical  business  will  certainly  be  challenging. 
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Abstract 

For  high-powered  laser  applications  silica  glass  has  favorable  thermal  and  mechanical  properties. 
However,  the  limited  solubility  of  neodymium  oxide  in  silica  has  prevented  its  use  without  the 
addition  of  other  components,  both  to  increase  the  solubility  of  the  neodymium  oxide  and  to  reduce 
processing  temperatures,  minimizing  impurities  such  as  platinum  inclusions.  The  preparation  of 
up  to  20  weight  percent  Nd-doped  silica  has  been  reported  recently  using  the  sol-gel  process,  and 
the  fluorescence  spectrum  of  a  one  weight  percent  composition  was  given.[lj  In  this  paper  we 
report  the  preparation  and  thermal  processing  of  three  to  five  weight  percent  compositions, 
including  BET,  density,  thermal  and  spectral  analyses.  The  fluorescence  spectrum  of  the  material 
and  its  fluorescence  lifetime  are  then  correlated  with  TEM/EDS  results. 

Subject  index  codes:  dlO,  11,  s5,  s6,  s9 

1.  Introduction 

Silica  glass  has  many  favorable  properties  for  use  in  high-powered  glass  lasers,  such  as:  1)  a  broad 
transmission  range  from  ultraviolet  to  infrared,  2)  a  low  nonlinear  index  of  refraction,  and  3)  a  low 
coefficient  of  thermal  expansion.  However,  the  high  processing  temperatures  required  and  the  low 
solubility  of  neodymium  oxide  in  silica  have  prevented  the  preparation  of  such  glasses  with 
reasonable  amounts  of  neodymium  oxide  without  the  addition  of  other  elements  to  the  glass.  The 
addition  of  these  other  elements  greatly  diminishes  the  desirable  properties  of  the  glass  for  use  as  a 
laser  host.  In  1973  Slone  and  Burrus[2]  reported  the  preparation  of  silica  fibers  doped  with  0.5 
wt.%  Nd203,  but  only  recently,  using  the  sol-gel  process  Pope  and  Mackenzie  have  reported  the 
preparation  of  Nd-doped  silica  containing  up  to  20  wt.%  Nd203ll]  The  sol-gel  process  holds 
some  potential  advantages  for  this  application  because  of:  1)  lower  processing  temperatures  than 
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traditional  melt  glass  techniques,  2)  better  control  of  purity,  and  3)  the  potential  for  greater 
homogeneity  on  a  molecular  scale  since  it  involves  the  mixing  of  precursors  at  low  temperatures 
(clOOr). 

In  this  paper  the  preparation,  structural  evolution,  and  visible  and  fluorescence  spectra  of  three  to 
five  weight  percent  glass  prepared  by  die  sol- gel  process  are  reported.  In  addition  the  fluorescence 
lifetimes  are  given  and  correlated  with  TEM  results. 

2.  Experimental 

Tetramethylorthosilicate  (TMOS,  Petrarch,  Inc.)  was  mixed  widi  deionized  water  in  which  was 
dissolved  neodymium  nitrate  (Aldrich,  Inc.).  After  complete  homogenization  this  sol  was  cast  into 
60  mm  petri  dishes  where  it  was  allowed  to  gel  and  age  between  room  temperature  and  80^  over  a 
period  of  about  two  days.  The  wet  gel  was  then  dried  to  give  a  transparent  gel  monolith.  Further 
heat  treatment  was  done  to  study  the  evolution  in  properties  with  temperature.  Samples  were 
removed  at  desired  temperatures  and  quenched  in  air. 

Differential  thermal  analysis  was  done  on  a  Dupont  Instruments  910  DTA  connected  to  a  1090 
Thermal  Analyzer.  The  sample  was  heated  at  a  rate  of  UTC/min  up  to  a  temperature  of  1200c€, 
and  alumina  was  used  as  the  reference. 

After  each  treatment  temperature,  the  textural  characteristics  of  the  sol-gel  monoliths  were 
measured  using  an  Autosorb-6  from  Quantachrome  Corporation,  and  the  results  were  analyzed 
according  to  the  BET  theory. 

The  density  measurements  were  done  on  oven-dried  samples  using  a  normal  specific  gravity  bottle, 
with  mercury  being  used  as  the  liquid  for  displacement.  Values  given  represent  at  least  seven 
repetitions. 

The  shrinkage  of  the  samples  was  determined  by  measuring  the  diameter  of  the  disc-shaped 
monoliths  after  each  of  the  selected  temperatures.  A  minimum  of  two  measurements  of  the 
diameter  was  done  per  sample  using  a  digital  caliper  with  an  accuracy  of  ±0.01  mm. 

The  visible  absorption  spectra  of  the  sol-gel  samples  were  recorded  on  a  Lambda-9 
spectrophotometer  from  Perkin-Elmer. 

Fluorescence  spectra  and  fluorescence  lifetimes  were  measured  at  Litton  Laser  Systems,  Apopka, 
FL,  by  Dr.  John  Daly  and  Dr.  Bill  Williams. 

Transmission  electron  microscopy  was  done  at  Microanalytical  Laboratories,  Gainesville,  FL,  by 
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E.  J.  Jenkins. 


3.  Results  and  Discussion 

3.1.  Visual  Characteristics 

All  the  sol-gel  samples  were  clear,  reddish  purple,  and  monolithic  after  processing  except  the  ones 
heated  to  1 15030  and  1 17530,  which  started  to  tum  white  and  opaque  with  the  onset  of  foaming. 

3.2.  Differential  Thermal  Analysis 

Figure  1  shows  the  results  of  the  differential  thermal  analysis  on  a  five  weight  percent 
composition.  At  least  three  features  can  be  seen:  1)  an  endotherm  between  50  and  1503C  due  to 
loss  of  absorbed  water,  2)  an  exotherm  between  approximately  250  and  4003C,  due  to  the  burning 
of  organic  residues,  and  3)  an  exotherm  between  1050  and  11003C,  which  gives  evidence  of 
crystallization. 

3.3.  Textural  and  Physical  Characteristics 

The  textural  and  physical  characteristics  of  the  samples  are  summarized  in  table  1.  These  gels 
show  trends  with  heat  treatment  very  similar  to  pure  silica.[3J  As  the  gels  are  heated  the  specific 
surface  area  and  total  pore  volume  decrease  while  the  bulk  density  and  the  shrinkage  of  the  samples 
increase.  Changes  in  each  of  these  characteristics  follows  a  similar  trend,  changing  slowly  until 
the  temperature  reaches  800  to  8503C,  and  then  changing  much  more  quickly  as  pore  closure 
occurs.  Finally,  if  the  heating  is  continued  foaming  due  to  the  release  of  OH  trapped  in  the  pores 
after  closure  will  begin.  Figures  2  and  3  show  these  trends.  One  noticeable  distinction  between 
the  Nd-doped  gels  and  the  pure  silica  is  the  ability  to  heat  the  doped  samples  to  higher  temperatures 
before  foaming  occurs.  Also,  during  the  thermal  treatments  the  doped  gels  appeared  to  be  less 
susceptible  to  cracking  and/or  crazing. 

3.4.  Visible  Spectroscopy 

Absorption  of  the  gels  was  measured  after  several  treatment  temperatures  to  observe  the  evolution 
of  the  environment  of  the  neodymium  in  the  matrix.  Pope  and  Mackenzie  indicated  that  for  a  five 

percent  composition  the  peak  position  representing  the  4I9/2  to  4F5^2  transition  shifted  from  794  to 
806  nm  as  treatment  temperature  increased,  reaching  a  maximum  at  a  temperature  of  2003C.[  1]  For 
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the  five  percent  gels  described  in  this  paper  this  behavior  was  not  observed.  Instead,  the  shift 
occurred  over  the  entire  range  of  temperatures  until  the  maximum  of  1 150*0  was  reached,  although 
the  shift  was  less  significant  above  about  600*0.  This  result  is  understandable,  however, 
considering  the  fact  that  several  changes  are  taking  place  over  this  temperature  range.  Not  only  are 
the  burning  of  organic  residues  and  dehydration  of  the  gel  occurring,  but  the  neodymium  nitrate  is 
decomposing  and  the  neodymium  oxide  is  forming  clusters  or  aggregates  due  to  solubility  limits, 
as  will  be  discussed  later.  Neodymium  nitrate  reportedly  decomposes  first  to  the  oxynitrate,  but 
not  until  it  reaches  8300  is  it  completely  converted  to  the  oxide.[4] 

3.5.  Fluorescence  Spectroscopy  and  Lifetimes 

A  representative  fluorescence  spectrum  of  a  neodymium-doped  gel  having  three  or  five  weight 
percent  neodymia  is  presented  in  figure  4.  This  spectrum  shows  a  maximum  emission  near  1.06 
microns,  which  is  typical  for  neodymium  oxide  in  silicate  glasses  (see  figure  4).  For 
concentrations  near  one  weight  percent  neodymium  oxide  in  silica  the  maximum  is  reported  to 
occur  at  1.08  microns. [2,5] 

Measurement  of  the  fluorescence  lifetimes  gave  very  low  values:  on  the  order  of  5  to  7 
microseconds,  as  opposed  to  values  greater  than  150  jisec  for  commercial  laser  glasses.  A  lifetime 
greater  than  100  [isec  is  necessary  to  make  the  glass  commercially  usable.  These  low  values  are 
presumably  due  in  part  to  concentration  quenching  of  the  neodymium,  as  described  by  Namikawa, 
et.  al.[6]  Because  neodymium  oxide  is  immiscible  in  silica  glass  in  the  composition  range  from 
around  two  to  26  weight  percent, [7]  it  forms  aggregates  or  clusters  in  which  cross  relaxation  can 
give  rise  to  non-radiative  de-excitation  of  neodymium,  resulting  in  very  short  lifetimes.  Clustering 
of  the  neodymium  in  the  glass  would  also  explain  why  the  maximum  emission  in  the  fluorescence 
spectrum  is  similar  to  that  of  a  silicate  glass.  The  neodymium  oxide-rich  regions  are  apparently 
behaving  more  as  a  silicate  glass  than  a  doped  silica  matrix.  These  results  are  in  agreement  with 
those  of  Arai,  et.  al.,  who  prepared  neodymia-silica  glasses  by  plasma  torch  CVD.[8]  Another 
factor  contributing  to  the  short  lifetimes  is  no  doubt  a  high  concentration  of  water  in  the  gel,  which 
has  also  been  shown  to  shorten  the  fluorescence  decay. [9] 

3.6.  Transmission  Electron  Microscopy 

In  order  to  further  demonstrate  the  existence  of  neodymium  oxide  aggregation  in  the  silica  matrix 
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TEM  was  done  on  a  sample.  It  was  found  that  these  clusters  could  be  seen  by  observing  the  thin 
edge  of  a  powdered  sample.  Figure  5  shows  TEM  micrographs  of  both  pure  silica  and 
neodymium-doped  samples.  More  extensive  characterization  of  these  neodymium-doped  samples 
has  been  done  at  the  University  of  Manchester,  UK  using  both  TEM  and  EDS. [10]  Using  EDS  to 
measure  the  Nd  concentration  in  both  the  clusters  and  the  matrix,  the  clusters  were  found  to  be  rich 
in  neodymium,  and  show  some  evidence  of  crystallinity.  The  concentration  of  Nd2C>3  in  the 
matrix  was  much  lower. 

Preliminary  investigations  to  solve  the  immiscibility  problem  are  underway  at  GELTECH,  Inc.  in 
collaboration  with  the  University  of  Manchester  team.  Galant,  et.  al.[l  1]  have  demonstrated  laser 
action  in  quartz  glass  after  the  addition  of  a  small  amount  of  a  “buffer  component”,  which  does  not 
greatly  diminish  the  desirable  thermal  properties  of  the  silica  host.  Arai  and  coworkers[  12]  have 
shown  using  the  CVD  process  that  aluminum  or  phosphorus  can  be  used  as  this  third  component 
to  more  homogeneously  disperse  the  neodymium  oxide  and  eliminate  the  concentration  quenching. 
First  results  at  GELTECH,  Inc  have  shown  that  the  addition  of  a  few  percent  of  either  of  these 
codopants  reduce  to  a  large  extent  the  formation  of  clusters.  Prototype  samples  with  lifetimes 
between  90  and  1 10  have  been  produced,  showing  some  good  possibility  for  the  development  of 
this  laser  material. 

4.  Conclusion 

The  use  of  the  sol-gel  process  to  make  neodymium-doped  laser  glasses  for  high  power  applications 
was  investigated.  Samples  of  tluee  to  five  weight  percent  neodymium  oxide  were  prepared  and 
their  structural  evolution  was  followed  over  a  range  of  temperatures  using  differential  thermal 
analysis,  LET,  shrinkage,  density,  and  visible  spectroscopy.  The  fluorescence  spectrum  and 
fluorescer  ;e  lifetimes  were  given  and  the  results  further  explained  using  transmission  electron 
microscopy.  The  fluorescence  spectrum  was  shown  to  be  typical  of  a  silicate  glass  matrix,  with 
lifetimes  iar  too  short  to  be  useful  for  laser  action.  These  short  lifetimes  were  attributed  to 
concentraton  quenching  of  the  neodymium  and  quenching  by  the  high  concentration  of  water  in 
the  matrix  Although  the  sol-gel  process  allows  the  preparation  of  much  higher  concentrations  than 
the  melt  process,  the  usefulness  of  these  materials  for  laser  applications  is  limited  by  the 
immiscibility  of  neodymium  oxide  in  silica  glass.  Research  is  currently  underway  to  develop 
potential  laser  materials  having  a  small  percent  of  a  third  component  to  solve  the  immiscibility 
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problem  and  lengthen  fluorescence  lifetimes  without  greatly  changing  the  desirable  properties  of 
silica  as  a  host  glass. 
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Abstract 

Processing  and  optical  properties  of  fully  dense  sol-gei  derived  silica,  termed  Type  V 
Gel-Silica,  are  described.  Drying  of  large  optically  transparent  acid  catalyzed  aikoxide  derived 
monolithic  silica  xerogels  is  emphasized.  Changes  in  the  weight,  dimensions  and  optical  properties 
are  monitored  during  drying  which  allows  a  quantitative  analysis  of  the  drying  process  to  be  made. 
Results  show  three  stages  of  drying. 

Stage  1.  Where  the  greatest  changes  in  volume,  weight  and  structure  occur.  This  stage  is 
controlled  by  evaporation  from  the  surface  of  the  body  and  ends  when  shrinkage  ceases.There 
is  no  constant  rate  period  of  drying  but  a  progressive  reduction  in  loss  rate  as  pores  shrink 
from  3.9  nm  to  2.3  nm. 

Stage  2.  Where  changes  in  weight  and  volume  are  small  but  large  changes  in  optical 
characteristics  occur.  This  opaque  stage  is  controlled  by  flow  through  small  pores  and  liquid 
layers  over  the  pore  surfaces.  Most  of  the  pore  emptying  occurs  during  this  stage. 

Stage  3.  Where  there  are  no  further  iimensional  changes,  but  a  progressive  loss  of  weight 
occurs  until  equilibrium  is  reached.  This  stage  starts  when  -94%  of  the  liquid  has  been 
removed.  Liquid  pathways  to  the  surface  become  discontinuous,  and  the  remaining  liquid  can 
only  be  removed  by  evaporation  within  the  pores  and  diffusion  of  the  vapor  to  the  surface. 
After  stabilization  and  densification  the  silica  xerogei  monoliths  have  a  degree  of  homogeneity, 
purity  and  optical  and  thermal  properties  superior  to  other  commercial  optical  silicas. 
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1. Introduction 

The  sol-gei  method  of  producing  pure  monolithic  silica  glasses  from  aikoxides  has  generated 
widespread  interest  due  to  inherent  advantages  of  the  method  including:  low  temperature  processing, 
high  purity,  and  high  homogeneity  ti-2).  Two  new  types  of  optical  silica  have  been  achieved  by  use 
of  sol-gei  processing  (3.4) .Type  V  gel-silica  is  fully  dense  with  a  very  high  level  of  purity  and 
homogeneity.  Type  VI  gel-silica  is  optically  transparent  and  chemically  and  thermally  stable  but  has 
15-35%  of  interconnected  porosity  .  The  nature  of  the  sol-gel  process  allows  molding  of  pieces  with 
complex  geometries  such  as  aspheric  optics  and  lightweight  ribbed  mirrors.Net  shape  casting  and 
high  quality  surface  finishes  are  possible  requiring  little  or  no  grinding  and  polishing  and  complex 
surface  structures  such  as  fresnel  lenses  can  be  accurately  reproduced.  The  dried  gel  is  both  porous 
and  transparent,  it  can  be  stabilized  to  produce  type  VI  silica  which  can  be  used  as  a  host  matrix  for 
organic  polymers  or  metallic  ions.  Type  VI  silica  can  also  be  controllably  densified  to  produce  laser 
densified  waveguides.  When  fully  densified,  the  Type  V  gel- silica  possesses  superior  physical  and 
optical  properties  including  a  lower  coefficient  of  thermal  expansion  (CTE),  lower  vacuum  ultraviolet 
cutoff,  higher  homogeneity,  fewer  defects  and  lower  dispersion  than  type  I- IV  commercial  silicas. 

2.  Gel  Drying 

An  important  aspect  of  processing  both  Types  V  and  VI  Gel-Silicas  is  the  production  and 
control  of  very  small  pores  during  hydrolysis,  condensation,  and  gelation  W.  The  hydrolysis  and 
polycondensation  of  tetramethoxysilane  at  low  pH,  used  in  malting  Types  V  and  VI  gel-silica  optics 
W,  results  in  gels  with  very  small  pores  (1-2  nm)  which,  although  advantageous  in  some  stages  of 
the  process,  make  the  drying  of  large  (  >30g,  >lcm  thick)  monolithic  xerogels  very  difficult 
Warping  and  cracking  can  occur  due  to  differential  evaporation  caused  by  inhomogeneous  heating, 
and  large  internal  stress  gradients  can  develop  if  the  drying  rate  is  not  carefully  controlled. 

When  describing  the  drying  of  xerogels  Zarzycki  (5)  applied  an  analysis  developed  by  Cooper 
f6)  for  the  drying  of  clays.  However  the  conclusions  reached  were  qualitative  in  nature  since  there 
was  little  experimental  data  to  use  in  the  description.  A  more  detailed  analysis  was  performed  by 
Scherer  who  related  the  various  drying  phenomena  experimentally  observed  by  Kawaguchi  and 
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Dwivedi  (9)  to  changes  in  the  physical  processes  and  microstructure  that  occur  during  drying. 

It  is  generally  agreed  that  three  distinct  stages  exist  in  drying:  the  constant  rate  period,  the  first 
failing  rate  period  and  the  second  falling  rate  period.  During  the  constant  rate  period  the  negative 
pressure  in  the  liquid  filled  pores,  created  by  formation  of  a  meniscus,  is  much  greater  than  the 
strength  of  the  solid  network,  which  collapses  in  order  to  remain  within  the  body'  of  liquid.  The  rate 
of  evaporation  per  unit  area  of  the  drying  surface  is  assumed  to  remain  constant  and  is  close  to  that 
obtained  from  a  dish  of  ffeeiy  evaporating  liquid  (9).  The  first  falling  rate  period,  stage  2,  starts  when 
the  critical  point  is  reached.  The  critical  point  (or  leatherhard  point  in  classical  drying  theory  (io>) 
occurs  when  the  netwcrk  becomes  strong  enough,  as  a  consequence  of  the  increased  packing  density 
of  the  solid  phase,  to  resist  further  shrinkage.  As  the  resistance  to  shrinkage  increases,  the  radius  of 
the  meniscus  reduces  unril  the  contact  angle  approaches  zero  and  the  radius  of  the  meniscus  equals 
the  radius  of  the  pore.  This  condition  creates  the  highest  capillary  pressure  and.  unable  to  compress 
the  gei  any  further,  the  pores  begin  to  empty.  As  the  volume  of  remaining  liquid  decreases  the 
volume  of  open  porosity  increases  and  the  remaining  liquid  becomes  isolated  within  the  pores.  How 
through  surface  films  and  small  pores  down  a  pressure  gradient  transpons  liquid  to  the  surface  where 
most  of  the  evaporation  occurs.  As  the  moisture  levei  drops  progressively  smaller  pores  empty  and 
flow  to  the  surface  slows.  Eventually  the  liquid  can  only  be  removed  by  evaporation  within  the  gel 
and  diffusion  of  the  vapor  through  the  pores  to  the  surface  of  the  gei  body.  When  this  mechanism 
becomes  dominant  drying  is  said  to  enter  stage  3.  the  second  falling  rate  period. 

These  characteristics  of  drying  are  based  on  relatively  little  data.  The  data  presented  by 
Kawaguchi  et  ai  concerned  Si02  gels  formed  from  tetraethylsilane  at  high  pH.  These  gels 
possessed  a  distribution  of  pore  radii  from  10-100  nm.,  linear  shrinkage  was  -25%,  and  drying  was 
achieved  in  ~lhr.  Dwivedi  (9)  studied  the  drying  behavior  of  thin  aiumina  gels,  of  very  high  surface 
area  to  volume  ratio,  prepared  using  the  Yoidas  (n>  method,  again  showing  short  drying  times  and 
high  evaporation  rates. 

Consequently,  there  is  considerable  need  for  accurate  drying  data  on  various  gei  systems, 
specifically  the  family  of  acid  catalyzed,  alkoxide  derived  monolithic  silica  gels  used  to  produce  Type 
V  and  VI  silica,  with  sufficient  precision  to  discriminate  between  the  three  stages  of  drying.  This 
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need  has  led  to  the  construction  of  a  drying  apparatus  capable  of  monitoring  the  diameter,  thickness, 
weight  and  optical  properties  of  gel  monoliths  continuously  during  their  drying  and  transformation 
into  rigid  porous  solids.  In  this  paper  the  drying  behavior  of  a  large  (60mm  diameter,  30g  weight 
dry)  silica  gel  monolith  is  analyzed. 

3.Experimental 

The  drying  apparatus,  describe  previously  (12*13h  uses  optical  means  to  monitor  changes  in 
gel  thickness,  diameter  and  weight  during  drying.  The  optical  technique  allows  data  to  be  collected 
without  contacting  the  sample.  Gels  up  to  150mm  diameter  are  suspended  below  a  balance  within  a 
drying  chamber  contained  within  an  oven.  The  drying  chamber  and  the  oven  have  windows  to 
provide  360°  viewing  of  the  sample.  An  automatic  35  mm  camera  used  in  conjunction  with  mirrors 
records  the  gel  dimensions  and  balance  readout  at  any  time  interval  from  1  second  to  120  hours. 
Calibration  of  the  35mm  slides  to  standards  allows  the  actual  gel  diameter  and  thickness  to  be 
determined.  An  automatic  data  collection  system  records  temperature  at  several  locations  within  the 
chamber  to  confirm  temperature  homogeneity.  Temperature  control  is  provided  by  a  Micristar™  ramp 
and  soak  controller  with  a  precision  of  ±0.5°C  up  to  a  maximum  of  150°C. 

The  gel  monolith  was  made  by  adding  1  mole  ofTMOS  to  16.17  moles  of  DI  water  containing 
0.089  moles  of  nitric  acid  at  pH  -1.5.  This  produced  a  transparent  sol  in  <  10  minutes,  with  a 
temperature  rise  from  25°C  to  55°C.  The  sol  was  cooled  to  23°C  density  =  1.036  g/cm3.  The  sol  was 
cast  into  a  1 10mm  diameter  mold,  with  gelation  in  55  hours  at  23°C  followed  by  aging  for  3  mo.  at 
23°C,  (see  Ref.  13.  for  details). 

The  gels  were  dried  using  the  apparatus  described  above.  The  drying  chamber  was  heated  at  a 
rate  of  5°C/hr  to  110°C  and  maintained  at  this  temperature  until  no  further  changes  in  weight  or 
dimension  occurred.  Measurements  of  weight,  diameter,  and  thickness  were  made  at  three  hour 
intervals.  After  equilibrium  was  established  the  chamber  was  cooled  to  25°C  in  <3  hours.  The  sample 
was  removed  from  the  chamber,  weighed,  measured  then  heated  in  a  box  furnace  in  ambient  air  at 
20°C/hr.  to  430°C.  This  temperature  was  maintained  for  24  hrs.  before  rapid  (  <  2  hr.)  cooling  to 
-25°C  and  recording  of  any  further  changes  in  weight  and  dimension. 
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4.  Results 

The  absolute  size  and  weight  of  the  sample  at  various  stages  of  processing  are  shown  in  Table 
1.  The  drying  data  obtained  is  expressed  in  terms  of  the  three  drying  periods  described  above 
(hereafter  referred  to  as  stage  1.  stage  2,  and  stage  3).  The  changes  that  occur  during  drying  are 
summarized  in  Fig  l(a,b,c.d).  These  are:(a)  temperature,  weight,  (b)  loss  rate  normalized  for  surface 
area,  (c)  linear  shrinkage  expressed  as  AL/L%  and  (d)  total  volume.  The  first  stage  of  drying 
accounts  for  -8 5%  of  the  total  weight  loss  while  taking  -40%  of  the  total  time.  Cessation  of 
shrinkage  characterizes  the  end  of  the  first  sage  and  the  start  of  the  second.  This  critical  point 
corresponds  to  the  highest  observed  density  of  1.479  g/'em^.  It  represents  the  point  at  which  the 
meniscus  recedes  into  the  bulk  and  is  characterized  by  the  low  loss  rate.  During  sage  2  the  gel 
turns  opaque,  starting  at  the  edges,  progressing  linearly  towards  the  center.  During  this  opaque 
transition  the  gel  undergoes  a  small  amount  of  further  shrinkage  equivalent  to  -1.1%  linearly. 
Fig.  1(c),  although  it  expands  back  to  its  previous  dimensions  by  the  time  transparency  is  regained. 
Stage  2  accounts  for  only  -10%  of  the  total  weight  loss,  while  taking  -35%  of  the  total  drying  time. 
Once  transparency  is  regained,  the  loss  rate  drops  from  -0.006  g/hr/cm2  to  -  0.001  g/hr/cm^ 
marking  the  start  of  stage  3,  which  accounts  for  the  remaining  drying  time  and  weight  loss. 

The  gel  was  transparent  and  completely  colorless  on  removal  from  the  drying  chamber.  The 
dried  gei  was  sable  to  the  atmosphere  and  could  be  exposed  to  adsorption  and  desorption  of  moisture 
without  cracking.  The  dimension  of  the  sample  after  drying  was  59mm  diameter  13.1mm  thick. 
Heating  the  dried  gels  to  430°C  resulted  in  a  the  loss  of  a  small  amount  of  chemisorbed  water  (see 
Table  1).  After  the  430°C  heat  treatment  the  sample  was  tested  for  surface  area,  pore  volume,  and 
pore  radius  by  nitrogen  adsorption  and  BET,  these  daa  showed  a  surface  area  of  549  m2/g,  a  pore 
volume  of  0.654  cm-Vg  and  an  average  pore  radius  of  2.3  nm. 

5.  Discussion 

The  drying  process  starts  as  soon  as  the  gel  is  removed  from  the  pore  liquid  in  the  aging 
chamber  and  a  liquid/vapor  interface  is  established  at  the  surface.  As  the  heating  rate  in  the  drying 
chamber  cannot  exceed  an  experimentally  determined  rate,  a  period  of  time  exists  during  which  the 
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temperature  is  not  constant  but  increases  to  1 10°C.  This  is  the  'heaung'  portion  of  Figs.l(a-d)  Once 
isothermal  conditions  are  attained,  the  drying  behavior  follows  three  successive  stages. 

Stage  1.  During  which  the  greatest  changes  in  volume  weight  and  structure  occur. 

Stage  2.  In  which  changes  in  weight  and  volume  are  small  but  large  changes  in  optical 
characteristics  are  seen;  ie.,  opacity  develops. 

Stage  3.  In  which  there  are  no  further  dimensional  changes,  but  there  is  a  progressive 
loss  of  weight  to  the  minimum  attainable  vaiue. 

During  the  rise  in  temperature,  the  gel  expanded  by  a  small  amount  (~1%  linear.  Fig  1  (c,d)).  The 
maximum  volume  was  measured  when  the  chamber  reached  70°C.  This  is  attributed  to  the  thermal 
expansion  characteristics  of  the  pore  liquid,  which  on  heating  expands  before  evaporative  losses 
dominate  and  shrinkage  begins  O3). 

52  Stage  1. 

The  silica  gel  monolith  studied  here  did  not  exhibit  a  constant  rate  of  loss  during  stage  1, 
even  when  normalized  for  surface  area.  Fig  1(b).  This  result  is  contradictory  to  those  of  Dwivedi  (9) 
who  found,  when  drying  thin  alumina  gels,  that  evaporation  rate  per  unit  area  of  drying  surface  was 
independent  of  time  and  similar  to  the  rate  obtained  from  a  dish  of  freely  evaporating  liquid.  However 
Dwivedi's  results,  and  those  of  Kawaguchi  (8),  for  a  large  pore  silica  gel.  involve  shorter  drying 
times  (at  lower  temperatures)  and  much  higher  loss  rates  than  those  presented  here  for  large 
monoliths.  Their  geis  apparently  had  a  larger  scale  than  those  studied  here. 

In  a  saturated  material  the  evaporation  rate  is  dictated  by  the  difference  between  the  vapor 
pressure  at  the  evaporating  surface  (Ps)  and  the  vapor  pressure  of  the  ambient  atmosphere  within  the 
drying  chamber  (Pa).  Evaporation  will  continue  as  long  as  Ps  >  Pa  with  the  rate  defined  by 

Ve  =  Ke(Ps-P1)  (1) 

where  Ve  is  the  rate  of  evaporation,  and  K<.  is  an  evaporation  constant  that  deoenas  on  air  flow 
conditions.  The  ambient  vapor  pressure  in  the  drying  chamber,  Pa,  decreases  during  drying  03).  This 
increase  the  difference  (Ps  -  Pa)  and  if  the  evaporation  constant  Ke  does  not  change  then  the 
evaporation  rate  also  increases.  This  suggests  that  the  vapor  pressure  at  the  evaporating  surface  Ps  m 
ust  decrease  considerably  to  explain  the  drop  in  evaporation  rate  measured  during  stage  1. 
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The  driving  force  for  shrinkage  during  stage  l  is  capillary  pressure  that  develops  when  menisci 
of  very  smail  radii  form  in  the  pores  of  the  gei.  The  smallest  meniscus  that  can  form  in  a  given  pore  is 
equal  to  the  radius  of  the  pore.  When  the  radius  of  the  meniscus  diminishes  to  equai  the  radius  of  the 
pore,  the  pressure  maximizes  and  the  meniscus,  unable  to  reduce  its  radius  any  further,  enters  the 
pore.  For  drying  geis  this  occurs  at  the  critical  point.  Consequendy,  during  stage  1  wniie  the 
meniscus  remains  at  the  surface,  rm  >  rp,  where  rm  is  the  meniscus  radius,  and  rp  is  the  pore  radius. 
However  the  large  pressures  required  to  shrink  the  gei  during  stage  1  infer  that  the  meniscus  radii. 
rm,  are  probably  close  to  r^ 

An  important  aspect  of  the  pressure  difference  that  can  arise  when  these  menisci  form  is  the 
reduction  in  vapor  pressure  that  can  occur.  The  vapor  pressure  is  related  to  the  capillary  pressure  by 
the  Gibbs-Keivin  equation  05), 

P s  Vmoi  Y  2 

In  _  =  _  .  _  (2) 

Po  RT  rm 

where  Ps  is  the  vapor  pressure  over  the  meniscus,  P0  is  the  vapor  pressure  over  a  flat  surface  (760 
mmHg),  Vrnoi  is  the  molar  volume  of  the  pore  liquid  (natymoi),  R  the  gas  constant  (8.314  J  moH  K- 

i),  T  the  temperature  (°K),  rm  the  radius  of  curvature  of  the  meniscus  (m-’O,  and  y  the  surface  tension 
of  the  liquid  (J/m-i). 

The  meniscus  radius  rm  is  defined  as  negative  because  the  center  of  curvature  is  in  the  vapor 

phase.  The  molar  volume  (Vmoi)  and  the  surface  tension  (y)  change  with  both  composition  and 

temperature  and  in  order  to  solve  this  equation  the  changes  in  pore  liquid  composition  dunng  stage  1 
must  be  taken  into  account.  The  initial  composition  (determined  from  the  density  and  stoichiometric 
calculation)  is  40%  methanol  and  60%  water  (by  volume).  This  composition  has  a  molar  volume  of 
2.75E-6  m3/mol  and  a  surface  tension  of  0.030  J/m*1  at  100°C.  As  stage  1  drying  progresses  the 
methanol  preferentially  evaporates  and  the  molar  volume  decreases  and  surface  tension  increases  to 

the  values  exhibited  by  water  at  the  drying  temperature  (Vmoi  =l.S7E-6  m^/mol,  y  =  0.065  J/m-1  ). 

The  change  in  composition  measured  in  ref.  13  can  be  used  to  determine  these  intermediate  values. 
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The  average  pore  radius  of  gel  A  when  dry  was  -2.3  nm  and  the  linear  reduction  during  drying 
was  -41%  therefore  the  pores  in  the  wet  (aged)  gel  should  be  41%  larger  than  that  measured  in  the 
dry  state  by  BET.  For  gel  A  the  radius  of  pores  prior  to  drying  is  calculated  to  be  3.9  nm.  These 
dimensions  represent  the  pore  radii  at  the  beginning  (3.9  nm)  and  end  (2.3  nm)  of  stage  1.  These 
values  represent  the  average  pore  radius  and  thus  the  minimum  meniscus  radius  rfm)  used  in  equation 
(2).  During  stage  1  the  meniscus  is  at  the  surface  and  thus  the  meniscus  radius  (rm)  must  be  greater 
than  the  pore  radius  (rp)  or  pore  invasion  would  occur.  However  in  solving  equation  (2)  it  is 
assumed  that  the  meniscus  radius  is  the  same  as  the  pore  radius  as  it  decreases  thus  representing  the 
maximum  possible  vapor  pressure  suppression  that  could  occur.  These  data  are  shown  in  Fig  2. 
Similar  results  were  obtained  for  other  silica  monoliths  ri3). 

The  pore  radius  is  obtained  by  measuring  the  pore  volume  and  surface  area  by  No  adsorption 
isotherms  and  using  the  classical  BET  relationship  It  is  important  to  recognize  that  BET  pore  size 
analysis  is  performed  after  considerable  degassing  at  high  temperature  (430°C).  At  low  temperatures, 
such  as  in  the  drying  gels,  the  pore  radius  is  effectively  changed  by  the  presence  of  a  bound  water 
layer  on  the  pore  surfaces.  The  bound  water  layers  possess  properties  such  as  melting  and  boiling 
points  that  are  markedly  different  from  those  of  bulk  water.  Wallace  and  Hench  using  Dielectric 
Relaxation  Spectroscopy  (DRS)  and  Differential  Scanning  Calorimetry  (DSC)  anaivzed  the  properties 
and  calculated  the  thickness  of  this  bound  water  layer  in  acid  catalyzed  gels  of  similar  porosity  to  gel 
A.  The  non-freezing  bound  water  layer  was  -0.97  nm  thick  for  pores  in  the  range  of  2.5  ->  4.0  nm. 
If  the  bound  water  layer  is  present  at  the  drying  temperatures  used  here  then  it  must  be  taken  into 
account  in  determining  the  true  hydraulic  radius  of  the  pores.  This  bound  layer  can  usually  be 
ignored,  however  in  the  case  of  pores  of  this  dimension  its  thickness  can  significantly  reduce  the 
overall  radius.  This  effective  reduction  in  pore  radius  affects  the  minimum  meniscus  radius  possible, 
and  thereby  the  value  of  Ps  /  P0  predicted  by  equation  (2).  These  data  are  shown  in  Fig  2. 

It  has  often  been  questioned  as  whether  the  Gibbs-Keivin  equation  remains  valid  at  the 
dimensions  reported  here  <15).  The  equation  has  been  verified  for  small  droplets  but  attempts  to 
measure  the  vapor  pressure  reduction  in  small  capillaries  has  produced  some  odd  results. 
Shereshefsky  et  al  (17)  reported  that  evaporation  of  water  and  toluene  from  capillaries  a  few  microns 
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in  radius  resulted  in  vapor  pressures  10-80  times  lower  than  the  predicted  value.  Scherer,  in  his 
review  of  drying  (7)  concludes  that  the  Gibbs-Keivin  equation  is  valid  for  radii  as  small  as  ~lnm  for 
organic  liquids,  but  with  water  deviations  exist  in  the  1.5  nm  to  5  nm  radius  range,  ie  the  pore  sizes 
studied  here.  Scherer  attributes  the  difference  to  the  long  range  hydration  forces  in  water  that  can 
affect  the  surface  tension  in  films  less  than  5  nm  thick. 

These  results  indicate  that  vapor  pressure  reduction  over  menisci  of  nanometer  radius  occurs, 
and  is  primarily  responsible  for  the  dramatic  reduction  of  the  evaporation  rate  during  stage  1  drying, 
especially  when  one  includes  the  effects  of  a  bound  water  layer  on  effective  evaporation  area  and  the 
hydraulic  radius  of  the  pores.  This  analysis  of  effects  of  pore  radius  on  stage  1  evaporation  also 
explains  why  this  decrease  in  evaporation  rate  was  not  seen  by  Dwivedi  (9)  and  Kawaguchi  who 
observed  a  constant  rate  period  during  the  drying  of  their  gels.  The  magnitude  of  vapor  pressure 
reduction  required  to  produce  a  noticeable  decrease  in  evaporation  rate  during  stage  1  drying  does  not 
occur  until  menisci  of  rm  <  15  nm  are  formed.  Menisci  of  this  radius  cannot  form  in  pores  of  the 
dimensions  reported  for  their  gels,  and  no  significant  change  in  the  evaporation  rate  was  seen  during 
stage  1  drying.. 

5.2  Staqe  2.  The  Opaque  siaqe. 

The  second  stage  starts  at  the  critical  (or  leatherhard)  point.  At  this  point  the  meniscus  radius  is 
equai  to  the  pore  radius  and  is  abie  to  penetrate  the  buik.  The  loss  rate  fails  to  a,  low  value  of  -0.008 
g/hr/ctm.  This  stage  is  consistent  with  the  stage  Scherer  terms  the  "first  failing  rate  period”  0).  Liquid 
is  driven  to  the  surface  by  gradients  in  capillary  pressure,  where  it  evaporates  due  to  the  ambient 
vapor  pressure  being  lower  than  inside  the  pores. 

Shortly  after  entering  the  second  stage,  the  gei  turns  opaque,  starting  at  the  edges  and 
progresses  in  a  direction  perpendicular  to  the  surface  toward  the  center.  Possible  causes  of  this 
phenomena  including  phase  separation  of  the  pore  liquid  or  exsoiution  of  gas  from  the  liquid.  The 
most  plausible  explanation  is  by  Shaw  (18.19)  who  suggests  that  this  phenomenon  is  caused  by  light 
scattering  from  isolated  pores  (or  groups  of  pores)  in  the  process  of  emptying,  of  such  a  dimension 
that  they  are  able  to  scatter  light.  The  data  obtained  during  stage  2  indicate  an  increase  in  open 
porosity  from  -0.012  cmVg.  to  -0.364  cm^/g.  during  the  opaque  transition. 
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5.3  Stage  3  . 

After  transparency  is  regained,  the  loss  rate  gradually  fails  to  a  value  of  -0.001  g/hr/cm2  until 
no  further  weight  changes  occur.  The  transition  to  stage  3  is  the  hardest  to  identify.  Its  start  is 
probably  best  defined  as  the  end  of  the  opaque  stage.  Scherer  (7>  describes  stage  3  as  the  "second 
failing  rate  period",  where  the  temperature  of  the  body  is  not  as  strongly  suppressed  as  when 
evaporation  rates  were  higher.  The  remaining  liquid  evaporates  within  the  pores  and  is  removed  by 
diffusion  of  its  vapor  to  the  surface.  By  the  start  of  stage  3  the  gel  is  to  ail  essentially  dry.  It  can  be 
removed  from  the  drying  chamber  and  dehydrated  under  much  more  severe  conditions  (180°C  at  0.1 
Torr)  without  risk  of  cracking.  Stress  birefringence  measurements  03)  indicate  a  reduction  in  residual 
stress  during  this  period. 

55  Drying  failure. 

The  drying  times  reported  here  fall  within  an  experimentally  determined  range  for  gels  of  this 
size.  Shorter  drying  times  have  been  recorded  but  usually  involve  a  greater  percentage  of  failure. 
However,  when  samples  fail  they  do  so  at  distinct  points  within  the  drying  sequence.  Cracking 
during  stage  1  is  rare  but  can  occur  when  the  gel  has  had  insufficient  aging  and  thus  a  low  strength 
(see  Scherer  (7))  and  does  not  possess  the  dimensional  stability  to  withstand  the  increasing 
compressive  stress.  If  the  loss  rate  is  increased  (by  lowering  the  vapor  pressure  of  the  ambient 
atmosphere  or  increasing  the  draft  rate)  there  comes  a  point  where  it  exceeds  the  maximum  rate  of 
shrinkage.  If  this  occurs,  localized  pore  emptying  results  and  surface  cracks  develop. 

Most  failures  occur  around  the  critical  point  at  the  end  of  stage  1,  a-  a  the  early  pan  of  stage  2. 
At  the  stan  of  stage  2  the  modulus  of  the  gel  is  very  high  and  the  compressive  stress  is  in  the  order  of 
-100  MPa.  The  possibility  of  cracking  at  this  point  is  great  due  to  the  high  stresses  and  iow  strain 
tolerance  of  the  material.  Measurements  indicate  that  the  point  at  which  the  gel  stops  shrinking  and  the 
point  at  which  the  meniscus  falls  below  the  surface  are  not  nescesarily  simultaneous.  This  suggests 
that  shrinkage  is  still  occurring  within  dry  (or  empty)  pores.  A  distribution  of  pore  sizes  exists  in 
these  materials,  and  therefore  some  pores  must  empty  before  others.  The  pores  that  empty  first  (at  the 
larger  end  of  the  distribution)  stop  shrinking  at  the  point  of  emptying,  and  if  a  pore  at  the  larger  end 
of  the  distribution  empties  before  its  neighbors  (and  is  thus  surrounded  by  full  pores),  it  can  only 


shrink  passively  under  their  influence.  Extending  this  concept  further  (into  stage  2),  if  regions  of  wet 
and  dry  pores  are  established  then  the  dry  regions  can  oniy  shrink  under  the  influence  of  the  wet. 
Given  that  the  compressibility  of  these  regions  is  different,  then  cracking  at  the  boundaries  can  occur. 
Cracking  has  been  observed  throughout  stage  2.  but  becomes  less  likely  as  dehydration  progresses. 
Cracking  during  stage  3  does  not  occur,  in  our  experience.  The  moisture  level  and  thus  the  stress  is 
considerably  diminished  by  this  point  and  cracking  will  not  occur  even  under  fairly  extreme 
dehydration  conditions  (180°C  at  0.1  Torr). 

^.Conclusions  Regarding  Drying 

Drying  of  large  (  >30g,  >lcm  thick)  monolithic  silica  xerogels  has  been  achieved  by  careful 
control  of  the  drying  environment,  the  steps  preceding  drying,  and  elimination  of  defects  which  can 
serve  as  stress  risers  (4>.  The  drying  behavior  of  these  acid  catalyzed,  alkoxide  derived  silica  gels  can 
be  described  in  terms  of  three  stages: 

Stage  1.  Rapid  loss  of  weight  and  volume  to  -20%  of  aged  values.  During  this  stage  the  rate 
of  loss  is  not  constant.  The  evaporation  rate  decreases  due  to  suppression  of  vapor  pressure  at 
the  gel  surface  by  pore  menisci  <4nm.  However,  measured  rates  were  lower  than  those 
predicted  by  the  Gibbs- Kelvin  equation. 

Stage  2.  When  shrinkage  ceases  the  rate  of  weight  loss  becomes  linear  and  the  gel  turns 
opaque.  During  this  second  stage  the  gei  undergoes  a  small  but  temporary  reduction  in 
volume.  The  likelihood  of  cracking  is  greatest  during  the  early  part  of  this  stage. 

Stage  3.  The  rate  of  loss  falls  to  a  lower  vaiue.  The  third  stage  takes  considerable  time,  but 
results  in  a  gei  within  ~3%  of  theoretical  dry  weight  at  1 10°C. 

These  stages  are  consistent  wrh  drying  behavior  reported  by  other  researchers  investigating  gel  based 
systems.  However  major  differences  in  behavior  are  seen  during  stage  1  which  arise  as  a 
consequence  of  the  extremely  small  scale  of  the  silica  gei  structure. 

7.  Optical  Properties 

Due  to  the  very  high  level  of  purity  and  very  high  homogeneity  of  the  acid  catalyzed  alkoxide 
derived  silica  monoliths  they  have  exceptionally  good  optical  properties.  Figs.  3  and  4  summarizes 


the  optical  transmission  of  a  densified  gel-silica  75mm  plano-plano  sample  made  with  a  drying 
process  similar  to  that  described  herein.These  results,  based  on  Ref.  4,  show  a  vacuum  UV  cutoff  of 
159  nm  which  is  substantially  better  than  Type  III  silica  optics  now  on  the  market  for  UV 
applications.  A  major  advantage  of  the  new  Type  V  gel-silica  optics,  illustrated  in  Fig.  4  (Refs.3,4), 
is  the  absence  of  OH  absorbtion  bands.  As  shown  by  West  et  al  (20)  .using  quantum  mechanical 
calculations,  the  elimination  of  OH  groups  is  responsible  for  the  improved  vacuum  UV  transmission 
of  the  Type  V  gel-silica  material,  termed  GELSIL™.  As  discussed  in  Refs.  3,4,  commercial  Type  V 
GELSIL™  also  has  a  level  of  homogeneity  that  is  better  than  1  ppm,  based  upon  optical 
interferometry,  and  as  shown  in  Ref.  21  has  0  bubbles  and  inclusions  and  <5nm/cm  strain 
birefringence.  Of  particular  interest  for  severe  optical  applications,  such  as  intracavity  laser  optics,  the 
coefficient  of  thermal  expansion  (GTE)  of  Type  V  GELSIL™  is  significantly  lower  than  other 
commercial  Type  m  or  IV  optical  silicas  (4).  The  low  value  of  GTE  exists  over  a  wide  temperature 
range  from  0°C  to  650°C.  Thus,  nearly  all  of  the  potential  advantages  of  sol-gel  processing  to 
improve  the  physical  properties  of  dense  silica  optics  have  now  been  realized.  The  potential 
advantages  of  casting  and  drying  silica  sols  to  produce  monoliths  witn  net  shape  and  net  surface 
finish  for  precision  optics  have  also  been  realized,  as  discussed  by  Nogues  et  al  in  this  proceedings. 
Likewise,  the  sol-gel  process  has  been  used  to  produce  optically  transparent  Type  VI  ultraporous 
optical  components  containing  polymers  impregnated  into  the  structure  as  an  optically  active  second 
phase  (3.4).  The  porous  Type  VI  gel-silica  monoliths  have  also  been  used  successfully  as  substrates 
for  laser  densification  of  waveguides  (22). 

Consequently,  during  the  last  few  years  it  has  been  possible  to  produce  a  wide  range  of  unique 
optical  materials  by  use  of  sol-gel  processing.  With  additional  understanding  of  the  drying  processes 
involved  in  the  production  of  these  new  materials  with  nanometer  scale  structures,  such  as  discussed 
in  this  paper,  it  should  be  feasible  to  achieve  even  further  advances  in  the  control  of  the  ultrastructure 
and  properties  of  silica  optics. 
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Table  A.  Physical  Dimensions  of  gel  A 


State 

Diameter 

Thickness 

Weight 

Density 

(mm) 

(mm) 

(g) 

(g/cm3) 

As  cast 

108.9 

24.3 

234.2 

1.036 

Aged 

99.5 

21.2 

178.1 

1.080 

Dry(110°C) 

59.0 

13.1 

34.3 

0.961 

Dry(430°C) 

58.6 

13.0 

32.4 

0.925 

Theoretical 
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Figure  2.  Reduction  of  vapor  pressure  with  decreasing 
meniscus  radius  as  predicted  by  the  Gibbs-Keivin  equation 
for  the  size  of  menisci  expected  in  this  system. 
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Figure  4.  NIR  transmission  of  densified 
type  V  Geisil™  and  type  HI  silica 


STRUCTURAL  EVOLUTION  DURING  SINTERING  OF  OPTICAL  SOL-GEL 
SILICA 
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The  evolution  of  the  structure  of  soi-gei  derived  optical  silica  monoliths  is  described  in  terms 
of  both  metric  and  topological  parameters.  The  characterization  of  the  structural  evolution  is  based 
on  nitrogen  gas  adsorption  and  helium  and  mercury  pycnometry.  A  topological  model  is 
introduced  which  permits  estimation  of  the  number  of  branches,  number  of  nodes,  connectivity 
and  number  of  separate  parts  of  the  pore  structure. 

Topology,  Sintering,  Densiricarion,  Siiica,  Sol-Gel  Method 

1.  Introduction 

The  growch  of  sol- gel  technology  research  is  due  to  the  many  unique  applications  of  mat  class 
of  materials  [1-91.  An  understanding  of  the  densificadon  of  sol-gel  materials  presents  a  remarkable 
opportunity  for  controlling  their  anal  properdes. 

Usually  the  sintering  process  is  followed  by  means  of  the  volume  traction  of  pores  (Vv), 
whicn  is  a  mesne  parameter.  The  introduction  of  topological  parameters  to  describe  micros  tree  turoi 
evoludon  during  sintering  was  carried  out  about  30  years  ago  by  Rhincs  [10];  development  of  the 
topological  and  stereologicai  description  of  the  structure  of  materials  have  continued  [1 1-13].  Tne 
first  application  of  topological  concepts  to  the  study  of  densification  of  a  sol-gel  material  was 
introduced  recently  by  the  authors  [14,15].  Tnat  previous  work  shows  that  different  geometries 
assumed  for  modelling  the  pore  structure  yield  similar  paths  for  the  structural  evolution,  because  of 
the  topological  nature  of  the  sintering  process.  This  work  is  intended  to  describe  the  structural 
evolution  of  soi-gei  siiica  monoliths  using  both  metric  and  topological  properties. 


2.  Experimental  Procedure 

Samples  of  optical  soi-gei  silica  monoliths  were  prepared  using  cetramethylortnosiiicate 
(TMOS)  and  DC- water,  with  acid  catalysis  by  HNO3.  A  set  of  samples  was  dried  at  180°C  in 
Teflon*®  containers,  and  those  samples  are  termed  "type  A  samples"  in  this  work.  A  second  set  of 
samples  was  prepared  in  similar  conditions,  but  the  drying  procedure  was  modified  to  provide  for 
a  slower  rate  of  water  removal,  resulting  in  the  "type  B  samples."  A  third  set  of  samples  was 
catalyzed  using  HF,  and  those  samples  are  termed  "type  C  samples."  After  drying  at  180°C  the 
samples  were  densiried  with  controlled  heating  rates  and  maximum  temperatures  in  the  range  of 
500°C  to  1 100°C  in  a  dry-air  atmosphere,  and  in  a  chiorine  atmosphere  at  1 150°C. 

After  densincation  the  samples  were  analyzed  in  an  automatic  gas  adsorpdon  machine  type 
Autosorb  6  (Quantachrome  Coro.)  for  volume  and  surface  area  of  pores.  True  density 
measurements  were  performed  in  a  helium  micropycnometer  (Quantachrome  Corp.). 

3.  Results  and  Discussion 

The  gas  adsorption  analysis,  the  heiium  pycnometry  and  the  mercury  buik  density 
measurements  lead  to  the  results  shown  in  fig.  1.  The  type  A  samples  present  an  average  3ET  pore 
radius  of  12A  in  the  dried  stage  and  this  average  pore  radius  remains  fairly  constant  dunng  the 
entire  densincation  process  [16],  The  voiume  fraction  of  pores  in  the  dneti  stage  is  about  0 .5  for 
type  A  samples,  and  about  0.6  and  0.7  for  type  B  and  C  samples  respectively. 

The  average  pore  radii  for  dried  type  B  and  C  samoies  are  32A  and  8 1 A  respectiveiy.  Tne 
average  pore  radius  for  type  3  samples  decreases  siighdy  as  densification  proceeds,  whiie  for  type 
C  samples  the  pore  size  decreases  slightly  up  to  about  1000°C  and  then  it  decreases  rapidly  for 
higher  densification  temperatures  [14], 

As  the  densification  temperature  increases  the  volume  fraction  of  pores  decreases  relatively 
slowly  for  type  A  samples  as  shown  in  fig.  1.  After  about  800°C  the  decrease  in  Vv  or  pores  with 
increasing  densification  temperature  is  more  pronounced.  For  type  B  samples  the  greater  porosity 


levels  are  kept  unui  temperatures  higher  than  tor  type  A  samples.  Type  C  samples  present  a  sharp 
decrease  in  porosity  around  300°C. 

As  the  porosity  decreases  with  sintering,  the  bulk  density  increases,  as  shown  in  :ig.2.  The 
maximum  vaiue  of  buik  density  for  the  three  types  of  sampies  is  around  2.2  g/cmA  Whiie  the  buik 
density  increases  continuously  with  increasing  densificarion  temperature,  the  skeletal  (or  true) 
density  varies  as  depicted  in  fig.3.  The  true  density  increases  continuously  mom  the  dried  stage  up 
to  a  temperature  in  the  range  of  SOCTC  to  1000°C  depending  on  the  pore  size,  and  then  it  decreases 
for  higher  densirication  temperatures.  It  is  possible  that  these  variations  in  skeletal  density  are 
associated  with  changes  in  Si-0  atomic  structures. 

In  order  to  obtain  information  on  the  topological  state  of  silica  gel  sampies,  the  pore  structure 
is  modelled  as  cylinders  [14,15].  The  general  expression  correlating  the  genus  (Gy),  number  of 
branches  (By),  number  of  nodes  (Nv)  and  number  of  separate  parts  (Py)  is  given  by  [  12] 

Gy  =  By  -  Ny  +Py.  (1) 

Assuming  an  initial  coordination  number  of  pores  (CM)  of  4,  the  variation  of  the  topoiogicai 
parameters  By,  Nv,  Gv  and  Pv  with  CN  is  shown  in  fig. 4.  A  sensitivity  analysis  [14]  or'  the  initial 


pore  coordination  number  reveals  that  initial  CN*s  between  4  and  3  yield  the  most  reasonable  and 
consistent  resuits.  An  inidai  CN  of  4  is  used  in  this  work  in  order  to  permit  comparisons  with 
previous  work  [15]  in  which  a  tetrahedral  model  was  used.  Figure  4  shows  that  as  densirication 
proceeds  and  CN  goes  from  4  to  zero.  By  decreases  continuously,  while  Nv  is  initially  constant 
and  starts  decreasing  towards  zero  when  CN  becomes  equal  to  2.  When  CN  reaches  2  the  genus 
becomes  zero  and  the  number  of  separate  pans  (isolated  pores)  stans  increasing.  In  order  to 
evaluate  By,  Ny,  Gv  and  Pv  when  the  pore  coordination  number  varies  between  2  and  zero,  it  is 
assumed  that  Ny  follows  a  linear  relationship  with  CN,  as  shown  in  fig. 4.  Nv  is  estimated  by 


using  the  following  expression  [14]: 


(2) 


where  D  is  the  average  pore  diameter  and  L  the  average  pore  branch  length.  In  the  region  where 
CN  varies  from  2  to  zero  the  pore  coordination  number  is  given  by 


where  Ny°  is  the  number  of  nodes  present  in  the  dried  stage.  In  the  same  region,  the  number  of 


branches  per  unit  volume  is  given  by 


By 


CN  Nv 

-> 


(4) 


while  the  number  of  separate  parts  is  given  by 

Py  =  Ny  *  By.  (5) 

When  the  topological  parameters  are  plotted  as  a  function  of  densification  temperature  the 
results  are  as  shown  in  fig.5,  for  type  A  silica  gel  samples.  The  initial  situation  in  rig.5  is  at  a 
temperature  of  180°C  corresponding  to  the  dried  stage.  As  the  densincadon  temperature  increases 
both  the  number  of  branches  (By)  and  the  genus  (Gy)  decrease,  while  the  number  of  nodes 
remains  constant  at  Nv°,  and  the  number  of  separate  parts  remains  constant  at  unity.  The  position 
where  the  pore  coordination  number  (CN)  decreases  to  2  (fig. 4)  corresponds  in  ng.3  to  the  point 
where  By  reaches  the  value  of  Nv°,  which  occurs  at  a  temperature  just  above  1000°C  for  mat  set  of 
samples.  At  that  point  the  genus  goes  to  zero  and  the  number  of  separate  parts  increases  from 
unity  and  decreases  again  towards  zero  at  the  end  of  the  densincadon. 

The  variation  of  the  pore  connecdvity,  as  expressed  by  the  genus,  as  a  funedon  of 
densificadon  temperature  is  shown  in  fig.6  for  type  A  samples,  B  and  C.  Type  A  samples  present 
a  condnuousiy  decreasing  pore  connecdvity  as  the  temperature  increases,  whiie  type  B  sampies  and 
C  show  an  increase  in  pore  connecdvity  in  die  iniriai  stages  of  the  headng  treatment.  For  type  3 
samples  the  genus  decreases  towards  zero  at  temperatures  above  1000°C,  while  for  type  C  sampies 
the  decrease  in  genus  occurs  eariier,  at  around  900°C. 


4.  Conclusions 

With  densificadon,  the  structure  of  optical  sol-gel  silica  monoliths  evolve  in  such  a  way  that 
the  volume  fraction  of  pores  decreases  reiadveiy  siowly  in  the  beginning  of  the  headng  treatment 
and  decreases  sharply  at  higher  temperatures.  The  ieveis  of  porosity  and  density,  and  the 
temperatures  in  which  the  structural  evoludon  changes  its  pace,  all  depend  on  the  pore  size  of  the 


siiica  monoiiths.  Using  a  topoiogicai  model  it  is  possible  to  estimate  the  numoer  of  branches, 
number  of  nodes,  connectivity  and  number  of  separate  parts  of  nanometer  scale  pore  structures. 
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Fig.  1.  Variation  of  the  volume  fraction  of  pores  (Vv)  as  a  function  of  densiricadon 
temperature  for  silica  gels  type  A,  B  and  C. 
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Fig.  2.  Bulk  density  versus  densificarion  temperature  for  silica  gels  type  A,  B  and  C 
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Fig.  3.  Variation  of  true  density  as  a  function  of  densification  temperature  for  silica 
gels  type  A,  B  and  C. 


PORE  COORDINATION  NUMBER 

Fig.  4.  Variation  of  the  number  of  nodes  (Ny),  number  of  branches  (Bv),  number 
of  separate  parts  (Pv)  and  genus  (Gy)  versus  pore  coordination  number  (CN). 
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Fig.  5.  Variation  of  the  number  of  nodes  (Nv),  number  of  branches  (Bv),  number 
of  separate  parts  (Pv)  and  genus  (Gv)  versus  densification  temperature  for  silica 
geis  type  A. 
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Fig.  6.  Variation  of  the  genus  (Gv)  as  a  function  of  densification  temperature  for 
silica  geis  type  A,  B  and  C. 


THEORY  OF  THERMAL  EXPANSION 
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I.  Thermodynamic  Definition 


The  coefficient  of  volume  thermal  expansion  is 

defined  as: 

B-  1/V(3V/3T)p 

The  coefficient  of  linear  thermal  expansion  is 

defined  as 

a=1  /L(9L/9T)p 

For  isotropic  materials  ,  e.g.  single  crystal  having 
cubic  symmetry,  annealed  glass  or  amorphous 
materials,  then 


ll.  Classical  Description 

Basically,  all  solids  show  dimensional  changes 
as  they  undergo  temperature  variation.  Classically, 
this  behavior  can  be  visualized  by  considering  the 
vibrations  of  the  atoms  constitute  the  solids.  As  the 
temperature  increases,  the  amplitudes  of  the 
vibrations  of  the  atoms  become  greater  and  greater 
and  the  volume  of  the  solid  increases. 


SIMPLE  HARMONIC  APPROACH 
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Figure  1.  Average  vibration  amplitude  of  an  atom  as  a 
function  of  temperature. 
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Figure  2.  Average  amplitude  of  vibration  for  an  atom 
as  a  function  of  temperature. 


Figure  3.  Potential  energy  well  for  atoms  in  a  solids. 
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Figure  4.  Illustration  of  the  relationship  between  physical  properties  of  a 
material  to  the  potential  energy  well. 


Born-Mayer-Huggin  Approach: 


where  z  =  ionic  charge 
b  =  constant 

nj=  No.  of  valence  electrons 
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Figure  5.  Pair  potential  between  silicon  and  oxygen  as  a 
function  of  interatomic  distance. 


Si-0  distance  1.58A  (calculated) 

Silica  (RDF)  1.62A 
Quartz  1.60A 

a(20°C-700°C)  =  7. 83*E-7  (calculated) 
a(20°C-700°C)  =  5*E-7  (experimental) 


Table  1.  Gruneisen  Gamma  for  Several  Materials 


MATERIAL 

FREQUENCY 

cm-1 

CALCULATED 

gamma 

QUARTZ 

459 

0.07 

698 

0.08 

783 

0.07 

800 

no  shift 

1168 

no  shift 

FUSED  SILICA 

475 

-0.05 

815 

0.07 

1095 

no  shift 

VYCOR 

469 

no  shift 

814 

0.22 

1095 

no  shift 

1  384 

0.14 

PYREX 

471 

no  shift 

812 

0.12 

1  095 

no  shift 

1390 

0.06 

Summary 


Thermodynamic  definition  gives  the  way  of  measure 
coefficient  of  thermal  expansion  experimentally. 

This  is  a  macroscopic  description. 

Gruneisen  gamma  gives  a  measure  of  the  anharmonic 
interaction  between  atoms  which  is  directly  related  to  the 
thermal  expansion.  This  is  a  microscopic  view. 

The  titanium  has  a  higher  atomic  weight  than  that  of 
silicon.  Yet,  as  titania  is  added  to  the  silica  skeleton,  the 
density  of  the  glass  remains  constant  for  up  to  8wt%  of 
titania  added.  Thus,  the  structure  of  the  titania-silica 
glass  is  more  open  than  that  of  the  silica,  i.e.  there  is 
more  free  volume.  Therefore,  as  temperature  increases, 
there  is  more  space  to  accomodate  the  increased  vibration 
amplitude  of  the  atoms.  Therefore,  the  titania-silica 
glass  has  a  lower  value  of  thermal  expansion  than  that  of 
vitreous  siica. 

The  pressure  IR  experiment  will  be  conducted  to  determine 
the  Gruneisen  gamma  for  each  vibration  mode  of  the  silica 
and  silica-titan ia  glass  which  reflects  the  amount  of 
expansion  contributes  from  the  corresponding  mode  of 
vibration. 


HMO  CALCULATION 


Crystalline  form  of  titania:  anatase,  rutile. 

Both  have  a  tetragonal  crystalline  structure 
Band  gap  of  titania  =  4.77  eV. 

h  and  k  parameter  was  determined  by  matching  the  band  gap. 


h 

k 

Band  Gap 

Ground  Energy 

0.6 

0.3 

4.7412 

-29.276  ~ 

0.7 

0.73 

4.7735 

-30.402 

0.8 

0.98 

4.7693 

-31.528 

0.9 

1.18 

4.7713 

-32.654 

1 

1.32 

4.6677 

-33.78 

S i 0 2 -T i 02  4-member  Ring  Structure 
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Heteroatom  Parameter 

Band  gap 

UV 

h 

k 

eV 

nm 

Si 

0.8 

Si-0 

1.4 

0 

1 

Ti-0 

0.73 

5.4989 

204 

Ti 

0.7 

Si 

0.8 

Si-0 

1.4 

0 

1 

Ti-0 

0.98 

5.7871 

214 

Ti 

0.8 

S)0-,-Ti0-  5-member  Ring  Sturcture 


0 


Heteroatom 

Parameter 

Band  gaD 

UV 

h 

k 

eV 

nm 

5)  0.8 

5i-0  1.4 

0  1 

Ti  0.7 

Ti-0  0.75 

5  5459 
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Abstract 

During  densification  of  gel-silica  monoliths,  the  ultrastructure  evolves  in  such  a  way  that  the 
strength  of  the  material  increases  continuously.  That  increase  in  strength  occurs  more  rapidly  after  a 
certain  temperature  range  which  corresponds  to  sharp  changes  in  porosity  and  in  the  extent  of 
interconnection  of  the  pore  network.  Evaluations  of  uniaxial  compression  strength,  flexural  strength, 
tensile  modulus  and  Vickers  hardness  number  were  performed  in  silica  gel  samples  densified  in  the 
range  of  180°C  to  1 150°C.  Gel-silica  monoliths  with  different  pore  radius  present  different  properties 
during  densification,  as  shown  by  hardness  analysis.  Dimensional  change  experiments  show  an 
increasing  thermal  stability  of  gel-silica  monoliths  as  densification  proceeds. 

Introduction 


The  expanding  research  on  sol-gel  technology  is  due  to  the  great  potential  of 
unique  applications  for  that  class  of  materials  [1-5].  Of  paramount  importance  in 
the  study  of  sol-gel  materials  is  the  variation  of  physical  properties  that  occur 
during  densification. 

Based  on  nitrogen  gas  adsorption  measurements  and  on  evaluations  of  true 
density  by  helium  micropycnometry,  it  is  possible  to  model  the  pore  structure  of 
the  silica  gels  so  that  topological  parameters  can  be  estimated  [6,7].  One  of  the 
important  concepts  of  topology  is  the  genus  (Gv),  which  is  defined  by  DeHoff  [8]  as 
"the  maximum  number  of  non-self  reentrant  closed  curves  which  may  be 
constructed  on  the  surface  without  dividing  it  into  two  separate  parts."  As 
densification  proceeds,  the  pore  connectivity  (as  described  by  the  genus,  Gv) 
increases  during  the  first  stage  of  densification,  due  to  neck  formation  between 
particles.  Gv  decreases  to  zero  during  the  second  stage,  and  it  remains  constant  at 
zero  during  the  third  stage  of  densification.  The  temperature  ranges  for  which 
those  three  stages  occur  depend  on  the  average  pore  size  of  the  silica  gel  [6,7].  In 
order  to  facilitate  comparisons  between  different  structural  conditions,  the  concept 
of  relative  genus  (y)  is  introduced  as  follows  [6]: 


7  = 


(1) 


where  Gv°  is  the  genus  of  the  dried  sample. 

The  objective  of  this  work  is  to  evaluate  the  physical  (mechanical  and 
thermal)  evolution  of  silica  gel  monoliths  as  densification  proceeds. 


Experimental  Procedure 


Silica  gel  monoliths  were  prepared  using  a  mixture  of  TMOS  and  Di-water 
and  acid  catalyzed  by  HNO3  (samples  type  A).  After  gelation  at  room  temperature 
and  aging  at  60°C  for  two  days,  the  samples  were  dried  at  180°C.  The  densification 
experiments  were  carried  out  in  a  tube  furnace  with  a  dry-air  atmosphere  for 
temperatures  up  to  1000°C,  and  under  a  chlorinated  atmosphere  for  higher 
temperatures.  Fig.l  shows  a  set  of  pure  gel-silica  monoliths  type  A  densified  in  the 
range  of  180°C  to  1150°C.  Another  set  of  gel-silica  samples  was  prepared  in 
similar  conditions,  except  that  the  acid  used  as  catalyst  was  HF.  This  set  of  samples 
is  referred  to  as  "samples  type  B"  in  this  work. 


Fig.  1  Silica  gel  monoliths  prepared  in  a  dry-air  atmosphere  (500°C  to  1000°C), 
and  in  a  chlorine  atmosphere  (1 150°C) 


Silica  gel  monoliths  densified  in  the  range  180°C  to  1150°C  were  analyzed  in 
an  automatic  nitrogen  gas  adsorption  machine  type  Autosorb  6  (Quantachrome 
Corp.)  for  volume  of  pores,  surface  area  of  pores  and  average  pore  radius. 

A  mechanical  testing  machine  type  MTS  810/458  with  a  cross  head  speed  of 
0.02  mm/min  was  used  to  obtain  uniaxial  compression  strength  of  gel-silica 
monoliths.  The  flexural  strength  data  were  obtained  using  a  MTS  810/442  and  a 
four  point  bending  fixture.  All  the  flexural  tests  were  performed  in  ambient  air 
using  a  cross  head  speed  of  0.016  mm/min.  In  order  to  obtain  the  flexural  strength 
(ac),  the  following  expression  was  used  [8]: 


3  P  (L  -  1) 

°c  -  2  w  t2  ’ 

where  P  is  the  load  at  fracture; 

L  is  the  distance  between  the  lower  supporting  points; 
1  is  the  distance  between  the  upper  loading  points; 
w  is  the  width  of  the  tested  sample; 
t  is  the  thickness  of  the  tested  sample. 


(2) 


Tensile  modulii  of  gel-silica  monoliths  densified  in  the  range  of  180°C  to 
1000°C  were  obtained  using  a  dynamic  mechanical  tester  machine  type  DMA-982 
(Dupont  Instr.). 

Dimensional  change  experiments  were  carried  out  using  an  automatic 
recording  differential  push-rod  dilatometer  Dilatronic  II-R  (Theta  Ind.).  The 
heating  and  cooling  rate  used  was  3°C/min. 

Results  and  Discussion 

The  variation  of  compression  strength  with  densification  temperature  for  a 
set  of  gel-silica  monoliths  of  1 2 A  average  pore  radius  is  shown  in  Fig. 2.  The 
figure  shows  an  increase  in  compression  strength  as  the  densification  temperature 
increases.  As  shown  in  Fig. 2,  the  compression  strength  for  a  set  of  dried  silica  gels 
with  81 A  average  pore  radius  is  lower  than  the  strength  of  silica  gels  with  12A 
average  pore  radius.  The  lower  strength  of  the  larger  pore  size  structure  is 
probably  associated  with  the  higher  volume  fraction  of  pores  (Vv)  present  in  those 
samples  (about  0.7)  as  compared  to  the  smaller  pore  size  silica  gels,  which  have  a 
Vy  of  about  0.5  in  the  dried  stage. 


Fig.2  Variation  of  the  compression  strength  as  a  function  of  densification 
temperature  for  samples  type  A  and  B. 

The  flexural  strength  increases  continuously  as  the  densification  temperature 
increases,  as  shown  in  Fig. 3.  The  variation  of  flexural  strength  with  densification 
temperature  can  be  divided  into  two  distinct  regions:  (1)  at  lower  temperatures 
(below  700°C)  the  increase  in  flexural  strength  with  temperature  is  relatively  slow; 
(2)  as  the  densification  temperature  increases  above  700°C,  the  increase  in  flexural 
strength  is  more  pronounced. 


TEMPERATURE  (°C) 

Fig.3  Variation  of  flexural  strength  as  a  function  of  densification  temperature 

for  samples  type  A. 

With  the  increase  in  densification  temperature  the  tensile  modulus  of  gel- 
silica  increases  continuously,  as  seen  in  Fig.4.  Similarly  to  the  variation  in  flexural 
strength,  Fig.4  can  be  divided  into  two  regions:  (1)  below  800°C,  the  increase  in 
tensile  modulus  is  relatively  slow  with  the  increase  in  densification  temperature,  and 
(2)  above  800°C  the  increase  in  tensile  modulus  is  more  pronounced. 


_  30 

CO 

Q_ 

O 


TEMPERATURE  (°C) 

Fig.4  Variation  of  tensile  modulus  as  a  function  of  densification  temperature 

for  samples  type  A. 

The  observation  of  the  two  regions  in  terms  of  variation  of  physical 
properties  suggest  the  occurrence  of  structural  transformations  that  are  associated 
with  the  physical  property  changes.  The  gas  adsorption  analysis  reveals  that  both 
the  porosity  and  the  surface  area  of  pores  decrease  more  rapidly  when  the 
densification  temperature  is  higher  than  about  800°C.  The  topological  analysis 
shows  corresponding  types  of  structural  changes. 


Fig.5  Variation  of  compression  strength  as  a  function  of  relative  genus  for  samples  type  A. 

The  variation  of  compression  strength  with  relative  genus  (y)  is  shown  in 
Fig.5.  The  fairly  good  linear  relationship  shown  in  Fig.5  suggests  the  existence  of  a 
close  association  between  compression  strength  and  the  pore  connectivity.  Fig. 6 


Fig.6  Variation  of  flexural  strength  as  a  function  of  relative  genus  for  samples  type  A. 

shows  the  variation  of  flexural  strength  with  relative  genus.  In  this  case  the 
relationship  between  the  mechanical  property  and  the  pore  connectivity  is  better 
than  the  one  shown  for  compression  strength.  The  linear  relationship  shown  in 
Fig.7  for  the  dependence  of  tensile  modulus  with  relative  genus  is  an  additional 
reinforcement  of  the  association  between  strength  and  pore  connectivity  for  the 
silica  gel  samples  tested. 


Fig.7  Variation  of  tensile  modulus  as  a  function  of  relative  genus  for  samples  type  A. 

It  is  possible  that  the  correlation  between  strength  and  pore  connectivity  is 
associated  with  increased  stress  concentration  when  the  pore  coordination  is  high 
(meaning  high  genus,.  As  densification  proceeds,  the  pore  coordination  decreases, 
because  the  number  of  branches  that  are  part  of  the  pore  network  decreases, 
resulting  in  nodes  (intersection  of  branches)  with  less  branches  and  less  stress 
concentration,  which  results  in  stronger  silica  gels. 


TEMPERATURE  (°C) 

Fig. 8  Variation  of  the  Vickers  hardness  number  (VHN)  as  a  function  of 
densification  temperature  for  silica  gel  samples  of  12A  and  81 A  average  pore  radii. 

The  variation  of  Vickers  hardness  number  (VHN)  with  densification 
temperature  for  sets  of  silica  gel  samples  with  12A  and  81 A  average  pore  radii  is 
shown  in  Fig. 8.  It  can  be  seen  from  this  figure  that  for  both  sets  of  samples  the 
VHN  increases  with  increasing  sintering  temperatures  an^  the  rate  of  increase  is 


sharper  after  a  certain  critical  temperature  which  increases  for  the  larger  pore  size 
material. 


Fig.9  Variation  of  the  dimensional  change  with  testing  temperature  for  samples 
type  A  previously  densified  in  the  range  of  180°C  to  1 150°C. 

When  a  dried  silica  gel  monolith  is  heated,  initially  it  experiences  an  increase 
in  its  dimensions,  due  to  the  presence  of  water  in  the  structure  [6],  as  shown  in 
Fig.9.  However,  after  a  certain  temperature  (around  300°C)  the  sample  start 
shrinking,  because  of  the  occurrence  of  densification.  As  shown  in  Fig.9,  the 
maximum  testing  temperature  used  in  these  experiments  was  700°C.  When  the 
temperature  of  the  samples  reach  700°C  they  are  cooled  to  room  temperature. 
Fig.9  shows  the  variation  of  dimensional  change  as  a  function  of  testing  temperature 
for  samples  previously  densified  in  the  range  of  180°C  to  1150°C.  As  the 
densification  temperature  increases,  the  dimensional  changes  become  smaller, 
meaning  that  the  silica  gel  samples  become  increasingly  more  thermally  stable  as  the 
densification  temperature  increases.  The  sample  densified  at  1150°C  shows  no 
shrinkage,  but  only  thermal  expansion,  with  an  average  coefficient  of  thermal 
expansion  (CTE)  of  0.5x1 0*6  °C_1. 


Conclusions 

As  shown  in  this  work,  the  compression  strength,  flexural  strength  and  tensile 
modulus  of  gel-silica  monoliths  increases  continuously  as  densification  proceeds. 
The  variation  of  strength  with  densification  temperature  can  be  divided  into  two 
regions:  (1)  in  a  lower  temperature  region  the  strength  increases  relatively  slowly 
with  the  increase  in  processing  temperature;  (2)  at  higher  densification 
temperatures  the  increase  in  strength  is  more  pronounced.  The  observed  changes  in 
mechanical  properties  seem  to  be  associated  with  variations  in  the  pore  connectivity 
of  the  silica  gel  samples.  For  the  first  region  (at  lower  temperatures)  the  pore 
network  is  essentially  interconnected.  When  the  pore  closure  associated  with  the 
third  stage  of  densification  occurs,  the  material  becomes  stronger. 


Silica  gel  monoliths  with  different  pore  sizes  present  different  mechanical  and 
structural  properties.  Larger  pore  size  structures  are  essentially  weaker  than  the 
small  pore  size  silica  gels.  The  VHN  variations  show  that  the  second  region  (of 
sharper  increase  in  strength)  occurs  at  higher  temperatures  for  silica  gels  with  81 A 
average  pore  radius  than  for  samples  of  12A  average  pore  radius.  Dimensional 
change  experiments  show  that  the  silica  gel  monoliths  become  increasingly  more 
thermally  stable  as  the  densification  temperature  increases. 
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ABSTRACT 

A  water  molecule  hydrogen  bonded  to  a  surface  SiOH  group  produces  an  IR 
vibrational  transmission  peak  (i/3)  at  2.32  pm.  Water  was  adsorbed  into  the 
pores  of  a  metal  alkoxide  derived  silica  gel  monolith,  and  the  increase  in  the 
wavelength  of  the  first  vibrational  overtone  (2i/3)  of  this  peak  was  measured 
as  a  function  of  the  adsorbed  water  content  W  (g  H20/g  Si02)  .  The  peak  shifted 
from  1.390  to  1.420  pm  as  W  increased  by  0.14  g/g.  Intermediate  Neglect  of 
Differential  Overlap  (INDO)  Molecular  Orbital  (MO)  theory  was  used  to  model 
this  process.  The  effect  of  a  H20  molecule,  hydrogen  bonded  to  a  hydroxylaced 
tetrasiloxane  ring,  on  the  structure  of  the  ring  and  the  water  molecule  was 
investigated.  The  bond  length  of  the  0-H  group  H-bonded  to  the  water  molecule 
increased,  as  expected  from  the  increase  in  wavelength  of  the  2i/3  IR  peak. 

INTRODUCTION 

The  adsorption  of  water  onto  the  surface  of  a  hydroxylated  a-silica 
surface  causes  changes  in  the  vibrational  modes  producing  the  IR  transmission 
spectrum  of  this  surface.  The  production  [1]  of  monolithic  geometric  samples 
of  microporous  silica  gel  has  made  the  direct  experimental  investigation  of 
these  changes  easier.  A  typical  silica  gel  monolith  is  made  by  the  acid 
catalysis  of  silicon  tetramethoxide .  It  has  a  surface  area  of  750  m2/g,  a  pore 
volume  of  0.45  cc/g,  an  average  pore  radius  of  12  A  and  an  average  particle 
radius  of  60  A.  This  means  that  these  fractal  materials  are  dominated  by  their 
interfacial  properties.  Therefore,  for  a  silica  gel  sample  in  the  beam  of  an 
IR  spectrometer,  the  properties  of  the  material  are  dominated  by  the  surface. 

An  isolated  surface  silanol  (SiOH,)  group  produces  an  IR  transmission 
peak,  vlf  at  2.675  pm.  i/:  is  due  to  the  0-H  stretching  vibration  of  isolated 
SiO-H,  groups  [2],  A  H20  molecule  H-bonded  to  SiOH,  groups  produces  an  IR  peak 
(i/3)  at  2.82  pm.  i/3  is  due  to  the  0-H  stretching  vibration  of  SiOH,  groups  H- 
bonded  to  H20  molecules  [2].  In  this  investigation,  the  shift  in  the  wavelength 
of  the  first  vibrational  overtone  (2i/3  -  1.39  pra  at  W  -  0.001  g/g)  of  y3  was 
measured  as  a  function  of  the  H20  content  W  (g  H20/g  Si02)  . 

The  adsorption  of  H20  into  microporous  silica  gel  monoliths  has  been  shown 
experimentally  to  cause  a  small  expansion  of  the  gels  [3-5].  It  was  proposed 
that  the  expansion  was  due  to  adsorption  of  H20  molecules  onto  the  hydroxylated 
surface  of  the  silica  gel  [5].  West  et  al.  [3]  investigated  this  hypothesis 
using  Intermediate  Neglect  of  Differencial  Overlap  (INDO)  Molecular  Orbital 
(MO)  theory.  They  examined  the  adsorption  of  a  H20  molecule  on  a  ring  of  four 
hydroxylated  silica  tetrahedra,  i.e.  a  hydroxylaced  tetrasiloxane  ring.  The  H20 
molecule  was  adsorbed  via  the  formation  of  H-bonds  with  two  hydroxyl  groups 
[1],  The  adsorbed  H20  molecule  increased  the  average  nearest  neighbor  Si---Si 

distance  in  the  ring  structure  by  0.842.  The  average  Si - Si  diagonal  distance 

increased  by  0.08732.  The  silicate  ring  diameter  decreased  by  12.12  along  the 
axis  with  the  adsorbed  H20  molecule  [3]. 

In  this  study,  the  same  INDO  MO  structure  was  used  to  determine  the  cause 
of  the  increase  in  the  wavelength  of  the  2y3  IR  peak.  The  influence  of  the 
adsorbed  H20  molecule,  H-bonded  to  the  hydroxylated  tetrasiloxane  ring,  on  the 
structure  of  the  hydroxylated  ring  and  the  H20  molecule,  was  examined. 


EXPERIMENTAL  PROCEDURE 


A  metal  alkoxide  derived  silica  gel  disc,  sample  number  #114,  was  heac 
created  at  800“C  for  4  hours.  The  gel  disc  had  a  chickness  -  0.335  cm,  bulk 
density  -  1.55  g/cc,  pore  volume  -  0.21  cc/g,  surface  area  -  350  m2/g  and  an 
average  pore  radius  -  12  A.  A  small  amount  of  water  was  adsorbed  into  the 
micropores  of  the  silica  gel  disc  by  condensation  from  the  vapor  phase.  The 
disc  was  sealed  in  an  airtight  container  and  the  water  was  allowed  to 
equilibrate  in  the  pores  for  24  hours.  The  disc  was  then  weighed  and  che 
transmission  spectrum  was  measured  using  a  Perkin-Elmer  Lambda-9  UV-VIS-NIR 
Speccrophotometer .  Another  small  amount  of  water  was  then  adsorbed,  allowed  to 
equilibrate,  weighed  and  che  transmission  spectrum  measured  again.  This 
process  was  repeated  until  che  pores  were  saturated  with  water. 

RESULTS 

Table  I  identifies  che  IR  peaks  and  lists  their  wavelengths  [2].  Figure 
1  shows  the  IR  transmission  spectra  of  the  silica  gel  disc  //114  for  various 
values  of  W.  The  peak  at  1.365  pm,  even  chough  ic  is  not  exactly  half  the 
wavelength  (2.675  pm)  of  the  u3  peak,  is  the  first  vibrational  overtone  2vx 
[2].  2ux  is  due  to  isolated  SiOHs  groups  and  not  due  to  H-bonded  vicinal,  or 
adjacent,  SiOHs  groups,  because  the  gel  has  been  heat  treated  to  800°C.  Only 
one  OH  group  per  surface  Si  atom  remains,  and  they  are  too  far  apart  to  form 
H-bonds.  The  2 ul  peak  is  also  too  sharp  and  symmetric  to  involve  H-bonds,  which 
would  produce  an  asymmecric  peak.  The  2u3  peak  can  be  seen  to  decrease  in 
intensity  as  che  2i/3  peak  intensity  increases  concomitantly.  The  2u3  peak 
disappears  when  the  micropores  are  fully  saturated,  because  all  the  SiOH, 
groups  are  H-bonded  to  H20  molecules.  The  associated  2i/*  peak  (1.46  pm),  due 
to  the  stretching  vibration  of  0-H  groups  in  H20  molecules  H-bonded  to  SiOH5 
groups,  increases  in  intensity  as  the  2i/3  peak  increases.  After  the  pores  were 
full,  #114  was  heated  at  180°C  in  vacuum  to  remove  all  the  adsorbed  H20  and  the 


Figure  1.  The  near  infrared  (NIR)  transmission  spectra  of  the  microporous 
silica  gel  disc  #114  as  a  function  of  adsorbed  water  content  W 

(g/g) • 


Table  I.  IR  Transmission  Peaks  of  H20  Molecules  H-bonded  to  Surface  Silanols. 


Wavelength  Cum)  Identification  Peak  Shape 

2.208  +  *i/0H  a  medium  asymmetric  peak 

1.890  +  2i/oh  a  large,  broad  asymmetric  peak 

1.460  ****2^4  a  small  peak  (compared  to  i/A) 

1.390  2i/3  a  small  peak  (compared  to  u2) 

1.365  2i/2  a  very  sharp  symmetric  peak 

*i/0H  :  on  out-of -plane  0-H  bending  vibration  of  surface  SiO-Hs  groups. 

:  0-H  stretching  vibration  of  isolated  surface  SiO-Hs  groups. 

:  0-H  stretching  vibration  of  surface  SiO-Hs  groups  H-bonded  to  H,0. 
”*’1/4  :  0-H  stretching  vibration  of  H20  molecules  H-bonded  to  SiOHs  groups. 


1.3  1.-4  1  .5  1  .S 

Uaue lenqth  (microns) 


Figure  2.  The  dependency  of  the  near  infrared  (NIR)  peak  positions  on  W  (g/g) . 


IR  spectrum  was  measured.  It  was  very  similar  to  the  original  spectrum  at  W  - 
0.00  g/g.  Figure  2  shows  the  dependency  of  the  2u1,  2vz  and  2v4  peak 
wavelengths  on  W  for  //114.  2vx  and  2i/t  are  constant,  while  2i/3  increases  as  the 
H20  content  increases.  The  2i/3  peak  initially  appeared  at  1.39  /im  and  shifted 
to  1.42  jim  as  W  increased  to  0.14  g/g.  The  same  behavior  was  seen  for  other 
porous  silica  gel  discs  heat  treated  to  different  temperatures. 


Figure  3.  Schematic  of  the  tetras iloxane  ring  with  no  H20  molecule  adsorbed. 
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/  \ 
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Figure  4.  Schematic  of  the  tetrasiloxane  ring  with  a  H20  molecule  adsorbed. 
( — )  is  a  molecular  bond.  (..)  is  a  hydrogen  bond 
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\ 
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Figures  3  and  4  show  the  schematics  of  the  hydroxylated  tetrasiloxane 
rings,  with  atom  number  designations,  without  and  with  an  adsorbed  H20  molecule 
respectively.  These  structures  were  both  optimized  geometrically  using  an  IND0 
M0  program  from  the  Quantum  Theory  Project  (QTP)  at  the  University  of  Florida 
[6-7].  In  each  case  the  three  dimensional  optimized  geometry  was  used  to 
calculate  the  interatomic  distances  for  the  entire  cluster.  Table  II  lists 
various  average  and  specific  bond  lengths,  calculated  from  these  interatomic 
distances,  with  and  withouc  an  adsorbed  H20  molecule. 

The  IND0  MO  stabilized  structure  of  a  free  H20  molecule  gives  an  average 
0-H  bond  length  of  1.01913  A,  with  an  H-0-H  angle  -  102.35°. 


DISCUSSION 

The  optimized  structure  produced  by  the  INDO  MO  program  showed  that  the 
H20  molecule  was  adsorbed  by  H-bonding  to  two  SiOH  groups  with  a  common  Si(6) 
atom,  as  shown  in  Fig.  4.  The  adsorption  of  the  H20  molecule  did  not  cause  any 
statistically  significant  change  in  the  average  length  of  the  Si-0  and  0-H 
bonds  in  the  SiOH  groups  not  H-bonded  to  the  H20  molecule,  i.e,  the  standard 
deviation  values  a  of  these  average  bond  lengths,  listed  in  Table  II,  are 
larger  than  the  calculated  bond  length  changes.  The  average  length  of  the  Si-0 
bonds  in  the  bridging  Si-0-Si  bonds  increased  by  3.5X,  supporting  the  proposal 
that  H20  adsorption  causes  porous  silica  gels  to  expand  [3-5], 

As  the  2i/j  peak  wavelength  increases  when  W  increases,  while  the  2vx  and 
2 j/4  peaks  stay  constant,  the  bond  strength  of  the  0-H  group  H-bonded  to  the  H20 
molecule  and  associated  with  the  2vz  vibration  must  decrease.  Therefore  the  0-H 
bond  length  must  increase,  so  the  INDO  M0  model  0(10) -H(22)  bond  length  should 
increase.  The  H20  molecule  formed  one  H-bond  between  its  0(17)  atom  and  the 
H(22)  atom  of  the  Si(6)0(10)H(22)  group,  and  one  H-bond  between  its  H(20)  atom 
and  the  0(9)  atom  of  the  Si(6)0(9)H(21)  group  (Fig.  4).  These  H-bonds  have 
very  similar  lengths,  -  1.3410.004  A.  The  0(10)-H(22)  and  H(20)-0(17)  groups 
associated  with  the  H  atoms  forming  these  H-bonds  also  have  similar  bond 
lengths  -  1.06210.002  A.  The  0(10) - H ( 22 )  stretching  vibration,  in  the 
Si(6)0(10)H(22)  group,  causes  the  2i/3  vibration,  while  the  H(20)-0(17) 
stretching  vibration,  in  the  H20  molecule,  causes  the  2»/4  vibration.  The 
average  0-H  bond  length  (1.062  A)  is  0.041  A  (-  4.0  X)  longer  than  the  average 
non  H-bonded  0-H  group.  The  INDO  MO  model  therefore  agrees  with  the 
interpretation  of  the  experimental  data,  as  the  0(10) -H(22)  bond  length 
Increases  in  length  (Fig.  4),  as  predicted. 

The  0(9)-H(21)  and  0(17) -H(27)  bonds  are  shorter  and  are  not  directly 
involved  in  the  H-bonds,  so  they  do  not  contribute  to  the  IR  peaks.  All  the 


Table  II.  Comparison  of  Some  Average  and  Specific  Bond  Lengths  and  Interatomic 
Distances  in  a  Te tras i loxane  Ring  With  and  Without  a  H-bonded  H20 


Molecule.  (-)  is  a  Molecular  Bond.  (..)  is  a  H- 
Interatomic  Distance. 

Bond  TvDe  Averaee  Bond  Leneth  (A) 

■bond.  ( — ) 

Bond  Leneth 

is  an 

Chanee 

Without  H-,0  (A) 

With  H,0  (k) 

Ill 

Ill 

Si-0 

1.700729  (a8-0. 00462) 

1.704992  (<j8-0. 00544) 

0.004263 

0.25 

(in  the 

Si0Hs  groups  not  H-bonded  to 

the  H20  molecule) 

0-H 

1.021267  (<73-0. 00369) 

1.024074  (a6- 0.00329) 

0.002807 

0.27 

(in  the 

SiOHa  groups  not  H-bonded  to 

the  H20  molecule) 

Si  —  H 

2.259144  (a8-0. 03661) 

2.246547  (o8-0. 09158) 

-0.012597 

-0.56 

( in  all 

the  SiOHs  groups) 

Si-0 

1.685868  (a8-0. 002716) 

1.744768  (<78-0. 17996) 

0.058900 

3.50 

(in  the 

Si-O-Si  bridging  bonds) 

Specific  Bonds  in  the  H-,0  Molecule 

0(20) -H(17)  1.01913(1. e.  free  H20)  1.060329  0.041199  4.04 

0(17)  -H(27)  1 . 01913 ( i . e .  free  H20)  1.019337  0.000207  0.02 

Specific  Bonds  in  the  -SimOflO) -HC22)  .  .  (1710H(20)H(27)  Structure 
Si(6) -0(10)  1.700729  1.690545  -0.010184  0.60 

0(10) -H(22)  1.021267  1.064406  0.043139  4.22 

H(22) . .0(17)  N/A  1.338446 

Specific  Bonds  in  the  ■Si(6) - fH(21) 10(9) .. (20)H0( 17)H(27)  Structure 
S i ( 6 ) -0(9)  1.700729  1.737202  0.036473  2.14 

0(9) -H(21)  1.021237  1.008782  -0.001246  -1.22 

0(9) . ,H(20)  N/A  1.346744 

bond  length  changes  are  due  to  charge  redistribution  caused  by  adsorption  of 
the  H20  molecule.  As  the  2v3  wavelength  increases  as  W  increases,  the  length 
of  the  0(10) - H ( 2 2 )  bond  should  increase  as  the  electron  charge  distribution  is 
changed  by  adsorption  of  more  H20  molecules.  As  the  2vs  wavelength  is  constant 
as  W  increases,  the  length  of  the  H-bonded  0(17) -H(20)  bond  in  the  H20  molecule 
should  not  be  changed  by  the  adsorption  of  more  water  molecules. 

When  the  H-bonded  groups  are  included,  all  the  average  bond  lengths 
increase  in  length  when  a  H20  molecule  is  H-bonded  to  the  silicate  ring,  but 
the  Si  —  H  distance  decreases  by  0.56X.  This  infers  that,  compared  to  the  bare 
siloxane  ring,  the  bond  angles  change  to  cause  a  distortion  of  the  ring  when 
a  H20  molecule  is  adsorbed.  This  affects  both  the  IR  spectra,  as  seen 
experimentally,  and  the  thermal  expansion  behavior  [3]  due  to  adsorbed  H20. 


CONCLUSIONS 

The  adsorption  of  H20  molecules  onto  the  surface  in  the  pores  of  a  metal 
alkoxide  derived  silica  gel  monolith  by  H-bonding  to  surface  SiOH,  groups 
causes  an  increase  in  the  wavelength  of  the  associated  IR  peak,  2i/3.  This 
process  can  be  modelled  by  INDO  MO  theory,  showing  the  expected  increase  in 
bond  length  of  the  H-bonded  0-H  groups.  The  INDO  MO  model  appears  to  reproduce 
the  bulk  properties  of  these  silica  gel  monoliths.  In  typical  MO  theory  the 
clusters  do  not  in  general  predict  bulk  properties  very  well.  One  can 
therefore  consider  the  possibility  that  the  properties  of  these  microporous 
gels  are  dominated  by  the  surface  chemistry  and  that  the  surface  may  be 
represented  by  this  simple  tetrasiloxane  ring  model . 
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Abstract 

Quantum  calculations  of  rings  and  chains  containing  up  to  six  hydrolysed 
silica  tecranedra  have  been  made  using  Intermediate  Neglect  of  Differential 
Overlap  (INDO)  molecular  orbital  theory.  Differences  in  the  molecular 
energies  becveen  rings  and  chains  appears  to  be  responsible  for  limiting  the 
growth  of  particles  in  the  sol  prior  to  gelation.  Changes  in  the  structure 
and  moLecular  energies  of  a  4-memoered  silicon  ring  with  adsorption  and 
desorption  of  H,0  indicates  a  possible  mechanism  for  the  observed  dilatometric 
behavior  of  porous  Type  VI  sol-gel  silica. 

1.  Introduction 

Quantum  mechanical  calculations  are  becoming  increasingly  important  in 
understand  the  processing  and  properties  of  sol-gel  silica  systems.  For 
example,  boch  hydrolysis  and  polycondensation  of  Si02  from  an  alkoxide 
precursor  have  been  studied  by  Burggraf,  Davis,  and  Gordon^15  using  molecular 
orbital  calculations.  Their  results  indicate  that  a  hypervalent  silicon 
complex  forms  as  an  intermediate  state  in  the  polycondensation  reaction.  By 
studying  the  possible  reaction  paths  for  the  removal  of  water,  they  show  that 
pentacoordinated  silicon  has  no  activation  energy  for  water  removal.  In 
contrast,  the  tatravalent  silicon  has  a  relatively  large  activation  energy  for 
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Che  removal  of  water.  High  pressure  Raman  speccroscopy  studies  by  Zerda  and 
Hoang^21  provide  experimental  evidence  for  existence  of  the  pentacoordinatad 
silicon.  This  confirmation  of  the  intermediate  state  confirms  how  the 
polycondensacion  of  sol- gel  silica  proceeds  by  elimination  of  a  water 
molecule . 

Recent  developments  in  sol-gel  silica  optics  have  produced  fully  dense 
Type  7  amorphous  silica  monoliths  with  extremely  wide  optical  transmission 
bands-3,15.  Semi -empirical  quantum  calculations  using  an  Intermediate  Neglect 
of  Differential  Overlap  (INDO)  molecular  orbital  program,  made  available  by 
the  Quancum  Theory  Project  at  the  University  of  Florida, C55  were  used  to 
explain  the  improved  UV  cut-off  of  the  gel-silica  optics  as  OH"  ions  are 
eliminated  from  che  SiO,  necvorkc*5  .  The  same  INDO  calculational  method  was 
used  to  interpret  sol-gel  Na,0-Si03  UV  cut-off  wave  lengths  c*]  .  In  boch  Si02-0H 
and  SiO, -Na,Q  systems  che  energy  gap  between  che  Highest  Occupied  Molecular 
Orbital  (HOMO)  and  Lowest  Unoccupied  Molecular  Orbital  (LUMO)  was  calculated 
for  che  single  staces-*5 . 

In  che  same  paper1*5  Huckel  Molecular  Orbital  (HMO)  theory,  as  well  as 
INDO,  was  used  to  calculate  che  energy  difference  between  rings  and  chains  of 
Si02  cecrahedra.  Boch  HMO  and  INDO  calculations  showed  that  chain  structures 
are  more  stable  chan  rings  for  structures  up  to  3-4  silica  cecrahedra  (HMO)  or 
10-12  silica  cecrahedra  (INDO). 

In  che  present  work  che  effects  of  H20  are  included  in  INDO  calculations 
of  Si02  clusters.  Two  problems  are  addressed:  1)  The  structural  energy 
differences  between  chains  and  rings;  and  2)  The  change  in  structure  and 
molecular  energy  when  a  stable  ring  composed  of  U  silica  cecrahedra  is 
subjected  co  adsorption  and  desorption  of  an  RjO  molecule.  Results  of  Che 
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INDO  calculation  are  compared  with  dilatometry  of  gel -silica  monoliths  exposed 
to  adsorption  and  desorpcion  of  H20 . 

2.  Model  Structures 

The  molecular  structures  evaluated  contain  from  1  to  6  silica  tetrahedra. 
In  each  model  two  bridging  oxygens  and  two  non- bridging  oxygens  are  bonded  to 
each  silicon.  One  hydrogen  is  bonded  to  each  of  the  non-bridging  oxygens  to 
terminate  the  structure  and  balance  the  charge.  Boch  ring  and  chain  models  of 
silica  tecrahedra  vere  evaluated  and  their  energies  compared  (Figure  1) . 

The  energy  of  free  water  was  also  determined  using  a  geometrically 
optimized  INDO  structure.  The  INDO  energy  for  this  model  of  water  is 

E^0  -  -17.9733  a. u.  (1) 

The  bond  length  matrix  was  determined  to  be: 


(1)0 

(2)H 

(3)H 

(1) 

-0- 

(2) 

1.019130  A 

-0- 

(3) 

1.019130  A 

1.588026  A 

-0- 

and  the  bond  angle  was 

H-O-H  -  102.35’  (2) 

Figure  1  illustrates  that  an  important  difference  in  the  number  of  atoms 
between  chains  and  rings  is  the  water  content.  A  chain  has  one  extra  water 
molecule  when  it  is  compared  to  a  ring.  Thus,  in  order  to  compare  more 


3 


accurately  the  energies  of  rings  and  chains  than  previously  reported^*1  ,  the 
energy  of  free  water  must  be  included  in  the  analysis: 

“  CHAIN  “  ^CHAIN  ’  ^JATZR  (  3  ) 

Consequently,  when  the  energies  of  rings  and  chains  are  compared,  the  energy 
■of  one  water  molecule  is  subtracted  from  the  chain  energy. 

Figure  1  shows  the  2-D  projection  of  a  geometrically  opcimired  INDO  chain 
and  ring  structure  for  4  silica  tetrahedra.  These  projections  are 
typical  of  the  hydroxylatad  silica  structures  modelled  in  this  study,  which 
included  2,  3,  4,  5  and  6  tetrahedra  per  cluster. 

The  clusters  were  each  optimized  for  minimum  energy  using  a  molecular 
mechanics  (MM2)C9]  routine.  The  molecular  orbitals  were  then  determined  using 
geometrically  optimized  INDO  calculations.  The  molecular  energies  were 
evaluated  and  compared  to  establish  the  relative  stability  of  each  structure. 

Table  1  compares  the  cluster  size  and  the  INDO  Energy  per  silica 
tetrahedron  for  rings  and  chains  as  a  function  of  the  number  of  tetrahedra 
with  and  without  the  correction  for  extra  water  in  the  chains.  As  expected, 
the  chains  are  substantially  larger  axially  than  rings.  Figure  2  compares  the 
size  and  AEeh.lB.rlB,  values  for  the  clusters  with  the  H20  correction. 

Initially,  the  chain  structures  are  more  stable  than  the  rings.  This  has  been 
observed  experimentally  using  NMR  spectroscopy1101 ,  where  a  linear,  as  opposed 
to  a  ring,  growth  model  most  consistently  interprets  the  experimental 
structural  evidence  for  early  growth  prior  to  gelation. 

The  relative  stability  of  chains  compared  to  rings  decreases  as  the 
number  of  silica  tetrahedra  increases,  as  shown  in  Figure  2  by  the  decrease  in 
Che  difference  between  their  calculated  water  corrected,  INDO  energies.  The 
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difference  is  shown  co  reach  zero  as  che  number  of  cecrahedra  reaches  5  when 


che  driving  force  for  formation  of  rings  becomes  equally  favorable  co  forming 
chains.  This  result  is  similar  co  che  size  range  where  primary  parzicie 
growth  scops  in  acidic  silica  sols  for  che  larger  or  secondary  type 
particles*-9,101  .  Acid  catalysis  ensures  complete  hydrolysis  of  che  silica 
cacrahedra,  as  used  in  these  calculations .  The  size  of  che  INDO  calculated 
rings  or  clusters  for  5  tecranedra  appears  to  fall  within  che  10  co  20  A  range 
of  che  radius  of  gyration  of  che  primary  particles  calculated  from  Small  Angie 
X-ray  Scattering  analysis  of  acid  catalyzed  silica  sols^9,101  . 

As  gelation  occurs,  che  cross-linking  of  che  structure  becomes  more 
dominanc.  Statistical  analysis  indicates  chat  chain  growth  is  limited  by  this 
process  and  rings  must  be  formed^111 .  The  energy  differences  between  ring 
structures  with  2  co  6  Si03  cecrahedra  per  ring  are  very  small  in  the  INDO 
model.  This  indicates  that  a  broad  distribution  in  Che  number  of  cecrahedra 
per  ring  is  possible  in  a  gel  since  there  is  very  little  difference  in  energy 
as  che  number  of  cecrahedra  per  ring  increases. 

The  results  shown  in  Figure  2  suggest  chac  che  most  favored  path  for 
structural  evolution  is  adding  4  to  5  membered  rings  (10  A  size)  to  each  ocher 
by  a  condensation  reaction. 

These  results  are  consistent  with  proposed  models  for  the  structure  of 
acid  catalyzed  silica  gels  that  contain  two  levels  of  structure  formed  before 
gelation^9,101 .  These  models  suggest  che  formation  of  primary  particles,  of  10- 
20  A  diameter  which  agglomerate  to  form  secondary  particles  of  about  40-60  A 
diameter.  The  secondary  particles  give  rise  to  che  pore  structure  after 
drying. 
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3.  Dilation  of  Sol-Gel  Silica  Monoliths  with  Adsorbed  Water 

Understanding  the  interactions  of  water  with  gel- silica  monoliths  is 

vital  both  to  controlling  drying"12-131  and  achieving  stability  of  porous  gel 
optical  matrices"31.  A  previous  study  of  thermal  behavior  of  porous  gel-silica 
reported  irreversible  thermal  hysterisis  of  the  monoliths  in  a  precision  push- 
rod  dilacomecar"141  .  When  the  sample  is  cooled  to  23*C  under  an  ambient, 
moisture -containing  atmosphere  the  gel  under  goes  considerable  dilation,  as 
illustrated  in  Figure  3(a).  However,  thermal  cycling  between  250*C  and  400*C 
results  in  completely  reversible  thermal  expansion  and  contraction.  The 
expansion  on  cooling  from  250*  to  23*C  was  attributed  to  adsorption  of  water 
on  the  pores  of  the  gel.  TGA  data"141  confirmed  che  adsorption  of  water  during 
the  cooling  cycle.  Figure  3(b)  shows  dilacomecric  evidence  of  continual 
expansion  of  a  gel  monolith  exposed  to  ambient  air  for  23  hours  at  23* C. 

Prior  to  exposure  to  Che  moist  air  che  sample  had  been  preheated  to  600* C  and 
dehydrated  in  vacuum  at  180* C.  Adsorpcion  of  water  into  che  porous  gel- silica 
structure  appears  to  dilate  che  structure. 

4.  Quantum  Calculations  of  Water  Adsorption  onto  Sol-Gel  Silica 

There  is  roughly  an  equal  distribution  of  3-fold  ,  4-fold,  5-fold  and  6- 
fold  rings  of  silica  tecrahedra  in  fused  silica  and  equivalent  structures  are 
believed  to  be  present  in  silica  gels1151 .  The  4- fold  ring  shown  in  Figure  4 
shows  the  structure  used  in  this  investigation  to  study  che  theoretical  effect 
of  water  on  silica  rings.  The  water  was  hydrogen  bonded  to  che  silica  cluster 
as  indicated  by  Takahashici#1 .  Intermediate  neglect  of  differencial  overlap 
(INDQ)  molecular  orbital  theory  developed  by  Zemer,  ec  al.^171  was  used  to 
opcimize  che  structure  in  Figure  4.  The  4- fold  ring  was  geometrically 
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optimized  with  and  without  “he  adsorbed  water  molecule.  Effects  of  ocher 
silica  ring  structures  and  location  of  che  water  molecule  will  be  described 
elsewhere . 

Table  2  shows  the  results  of  the  calculations  for  che  dilacion  of  the  4- 
fold  silica  ring.  The  distances  between  che  diagonal  silicon  atoms  are  shown. 
The  ring  without  water  is  geometrically  uniform.  However,  the  ring  with  the 
water  adsorbed  is  elongated  along  che  axis  with  the  adsorbed  water  molecule. 
Also,  the  average  silicon- silicon  distance  for  neighboring  atoms  increases . 

In  an  amorphous  structure  there  should  be  a  random  orientation  of  che 
elongation.  Some  of  che  expansion  will  occur  in  regions  of  the  network  where 
contraction  of  che  ring  will  compensate.  However,  on  the  average  there  is 
predicted  to  be  a  small  expansion  when  che  water  is  bonded  to  che  structure. 
This  finding  is  consistent  with  che  expansion  data  observed  in  Figure  3. 

5 .  Summary 

Quantum  calculations  for  cluster  of  rings  and  chains  of  silica  cecrahedra 
have  been  made  using  Intermediate  Neglect  of  Differencial  Overlap  (INDO) 
molecular  orbital  theory.  Elimination  of  differences  in  the  molecular 
energies  between  rings  and  chains  appears  to  limit  the  growth  of  primary 
particles  Co  rings  of  a  -5  cecrahedra  per  particle  during  the  sol  stage  prior 
to  che  formation  of  the  gel.  The  geometries  of  silica  ring  cluster  were 
analyzed  before  and  after  bonding  of  water  molecules.  The  changes  in  the 
structures  predict  an  anisotropic  expansion  of  che  ring  and  indicate  a 
possible  mechanism  for  the  observed  dilacomecric  expansion  of  porous  Type  VI 
sol-gel  silica  caused  by  the  absorption  of  water. 
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Figure  Captions 


Figure  1. 

Figure  2. 
Figure  3 

Figure  4. 


Silica  cecrahedra:  (a)  ring  of  4  silica  cecrahedra;  and  (b)  chain  of 
4  silica  cecrahedra. 

Cluster  sire  and  for  "he  clusters  with  H2Q  correction. 

(a)  Thermal  hysteresis  of  a  titania- silica  gel  pre-heaced  to  400*C. 

(b)  Expansion  at  room  temperature  under  ambient  atmosphere  for  a 
silica  gel  pre-heaced  to  600*C. 

Four- fold  silica  structure  with  one  absorbed  water  molecule. 
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TABLE 


1 


Energy  Difference  betveen  Chains  and  Rings 
Corrected  for  Water 


Number  of 
Silica 
Tecrahedra 


Cluster  INDO  (a.u.) 

Sire  (A)  (Chain-Ring) 

Rings  Chains  (Ref.  6) 


Water  Corrected 
INDO  (a.u.) 
(Chain- Ring) 


2 

6 . 5 

9.1 

3.9 

0.09 

3 

7.1 

12.6 

5.9 

0.11 

4 

9.3 

16.2 

4.4 

0.04 

5 

11.3 

19.3 

3.6 

0.01 

6 

11.3 

23.4 

2.3 

0.24 

10 


4  Fold 
Ring 


Without 

H,0 

With  H,0 


TABLE  2 

Silica  Dilation 


INDO 
Energy 
(a.u. ) 


Diagonals 

Si-Si 

Distance  (A) 

(l)-<4)  (6) - (7) 


Average 

Neighbor  wzZ 

Si- Si  Water 

Disc.  Concent 


Average 

Expansion 

£L  xia*3 

L 


■223.46242  4.659007  4.51665  3.24495 


-241.4056  5.15587  4.027797  3.27207  5 . SZ 
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INDO  CALCULATION 

(HUD  Corrected) 
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THE  NEXT  STEPS: 


There  are  clearly  many  directions  which  it  is  important  to  persue  in 
this  novel  work.  In  particular,  this  project  forms  an  interface 
between  the  El ectro-acti ve  polymer  programme  and  the  Gel-Silica  project 
supported  by  the  USAF  which  come  under  Dr.  Don  Ulrich's  direction. 

However,  the  following  topics  are  of  particular  interest: 

-  Effects  of  polymer  pol ydi spersity.  Specific  fractions  are  currently 
being  synthesised  by  colleagues  in  Berlin. 

—  Spontaneous  polarisation  studies  in  polymer/low  molar  mass  mixtures. 

This  will  be  relevant  to  POLED  ORDER  studies. 

-Fluorescent  and  dichroic  copolymer  systems. 

-  Electroclinic  effects  in  polymer  and  1mm  materials.  Do  these  provide 
model  systems  for  Gel-Sil/  liquid  crystal  devices? 

-Incorporation  of  these  functional  materials  int  Gel-Sil  matrices. 

-  The  influence  of  the  sol-gel  structures  of  liquid  crystalline  properties. 

-Optical  effects  in  Gel-Sil  matrices  as  a  function  of  pore  size. 

-  Magneto-  optic  effects  in  Gel-Sil  matrices. 


ORGANIC  DYES  IN  SILICA  GLASS 


C  Whitehurst,  D  Shaw  and  T  A  King 


1.  INTRODUCTION 

Organic  laser  dyes  provide  a  convenient,  flexible  and  broadly  tunable 
range  of  intense  laser  sources »  Many  of  the  dyes  In  the  visible 

region  of  the  spectrum  possess  high  quantum  yields  of  fluorescence, 
absorption  and  emission.  However,  the  full  potential  of  the  lasing  dye 

medium  cannot  be  realised  because  the  liquid  host  adversely  affects  many 
thermodynamic,  spectroscopic  and  kinetic  properties  of  the  dye.  These 

include  non-radiative  quenching  of  upper  lasing  levels,  spectral  shifts  and 
thermal  instability.  Provision  of  a  solid  matrix  would  enhance  the  lasing 

properties  of  organic  dyes  to  their  full  potential,  reducing  thermal 

restrictions,  impurity  and  dye-dye  quenching,  and  adverse  migration  of 
active  molecules  towards  photodegrading  impurities.  In  addition,  hosting 
the  dye  in  a  solid  matrix  greatly  increases  the  handling  and  convenience  and 
reduces  laser  complexity,  eg  fewer  pumps,  pipes  and  reservoirs,  and 
complexity  in  the  construction  of  a  laser  system. 

2.  TWO  METHODS  FOR  DYE  DOPANT  OF  GEL-SIL 


2.1  Sol-to-Gel  Doping 

Hydrolysis  and  condensation  of  Si(OMe)4,  incorporating  an  organic  dye, 
leads  to  a  gel  that  is  dried  at  about  60°C  for  a  few  days  to  remove  water 
and  methanol.  The  incorporated  dye  is  uniformly  embedded  in  the  resulting 


inorganic  host  matrix.  The  fluorescence  properties  of  sol-gel  dyes  have 

(1-4) 

already  been  described  by  others 

Experimentally  it  was  demonstrated  that  the  photostab iiity  of  the  laser 
dye  R6G  increased  by  an  order  of  magnitude  when  the  liquid  organic  laser 
host  was  replaced  by  an  inorganic  glass<l\  R6G  when  introduced  into  a 
silica  gel-glass  showed  an  enhanced  photostability.  The  amount  of  dimers 
which  decrease  the  lasing  ability  of  the  dye  in  liquid  media  was  negligible 
in  gel  glass  as  here  the  dye  molecules  were  isolated  in  glass  cages. 

The  advantages  of  this  method  of  preparation  are  as  follows: 

Molecular  Immobility:  Reduction  in  intermolecular  collisions! 

deactivation  by  either  other  dye  molecules, 
photodecomposition  products  or  impurities. 
Migration  of  quenching  molecules  and  products 
leading  to  repeated  quenching  and  decomposition  is 
prevented. 

Molecular  Isolation:  Dye  impurities  are  isolated  within  matrix  cells  and 

cannot  quench  upper  laser  levels.  Active  dye 
molecules  are  isolated  from  organic  solvents  and 
gases  with  low  thermal  and  chemical  stability. 
Higher  quantum  yields  and  other  spectroscopic  and 
kinetic  properties  of  organic  dyes  are  attainable 
in  this  state. 

Greater  Heat  Dis  pfertion:  The  higher  thermal  conductivity  of  glass  over 

plastics  or  methanol  leads  to  a  more  uniform 
temperature  distribution  throughout  the  active 
medium.  This  reduces  the  advent  of  refracting 
convection  currents.  Thus  laser  energy  loss  or  a 


reduction  in  beam  quality  due  to  thermal  lensing 
can  be  reduced.  Excess  heat  can  be  removed  at  a 
faster  rate  enabling  laser  outputs  of  higher  powers 
to  be  achieved  for  the  same  cavity  incorporating  a 
traditional  host. 

Greater  Dye  Concentration:  Relatively  high  dye  concentrations  are  possible 

which  enable  more  compact  and  efficient  cavities  to 
be  constructed.  These  concentrations  are  possible 
without  risidng  aggregation  or  dimerization,  ie 
inducing  unfavourable  chemical  reactions  or 
collisional  self  -deactivation. 

Disadvantages  to  this  method  of  preparation: 

Non  Densification:  Due  to  the  low  thermal  stability  of  organic  dyes, 

the  temperature  of  the  matrix  must  be  kept  low 
(<  100°C)  and  therefore  the  gel  glass  has  to  remain 
completely  undensified.  Further  tests  have  shown 
this  category  of  gel  glass  to  be  very  susceptible 
to  fracturing  and  cracking  when  exposed  to  fluids 
or  small  temperature  cycles  (over  a  few  degrees). 

Poor  Optical  Quality:  Low  temperature  annealed  glasses  cannot  be  reliably 

polished  (dry  polishing  only)  as  the  samples 
frequently  shatter. 

This  method  of  preparation  is  expensive  in  both 
time  and  parts. 


Expensive: 


2.2  Adsorption  Doping 

Previously  prepared  undoped  gel  glass,  at  any  densified  states,  is 

immersed  in  solvated  R6G.  The  R6G  fills  the  pores  in  a  time  dependent  upon 

the  viscosity  of  the  solvent,  and  the  sample  left  to  dry.  It  has  been  shown 

that  vapour  pressures  in  excess  of  about  20  Torr  can  lead  to  catastrophic 

cracking  of  the  sample  and  therefore  drying  must  start  at  a  reduced  rate 

« 

below  20  Torr,  before  a  more  serioua  attempt  be  made.  Solvents  whose  vapour 
pressure  is  greater  than  20  Torr  at  room  temperature  must  be  cooled  to 
reduce  their  vapour  pressure  in  the  early  stages  of  drying.  It  should  also 
be  noted  that  gel  glass  samples  dried  thoroughly  have  readsorbed  water  from 
the  atmosphere  reaching  a  stable  equilibrium  with  their  surroundings. 

Advantages  for  this  method  of  preparation: 

Higher  Densification:  Addition  of  the  dye  after  gelation  means  that  the 

gel  glass  can  be  densified  to  any  level  almost  to 
full  densification,  before  the  dye  is  added.  This 
leads  to  a  higher  optical  quality  and  more  robust 
samples  for  polishing,  drying  and  machining  for 
laser  cavity  construction. 

Availability:  Undoped  gel  glass  is  obviously  much  more  readily 

available  than  the  predoped  glass  and  leaves  the 
user  with  the  freedom  to  choose  dye  type  and 
concentration  to  suit  their  own  customised  needs. 

Disadvantages  as  follows: 

Neo-Isolation:  Although  dye  molecules  are  trapped  in  the  nanometer 

scale  pores  of  the  glass  matrix  with  bulk  movement 
of  residual  solvents,  impurities  and  decomposition 


molecules  eliminated,  mobility  will  be  possible 
within  the  pores.  Thus  interactions  such  as  dye 
self-quenching,  etc,  may  occur  on  a  local  scale 
although  not  to  the  same  degree  as  for  bulk 
solutions.  Dimersation  and  aggregation  are 
possible  within  the  pores  at  high  concentrations, 
although  to  what  degree  is  not  yet  known. 

Temporary  Location:  The  dye  and/or  solvent  molecules  are  adsorbed  onto 

the  surf  ace  of  the  pore  walls  and  can  be 
redissolved  If  the  dried  glass  comes  into  contact 
*  with  another  solvent. 

2.3  Both  Doping  Methods 

Both  doping  methods  compartmentise  the  bulk  host  matrix  but  to  varying 
degrees.  The  soi-to-gel  method  on  a  molecular  scale,  the  adsorption  method 
on  a  molecular  cluster  scale.  However,  they  both  inhibit  convection 
currents  and  migration  of  molecules  throughout  the  bulk  of  the  glass.  The 
glass  matrix  provides  a  more  thermally  and  chemically  stable  host,  cf 
organic  and  liquid  hosts,  whose  conductive  properties  allow  for  a  more 
uniform  temperature  distribution  throughout  the  bulk.  This  reduces 
refractive  distortion  of  laser  beams  and  a  high  capacity  for  forced  cooling 
enabling  higher  input  and  output  powers  to  be  employed. 

The  two  systems  allows  for  unconventional  dye  concentrations 
(10~*  -  10'  ...)  due  to  the  lack  (or  reduced  in  the  adsorbed  case)  of 

dimerisation  and  aggregation. 

A  desirable  increase  in  the  Stoke’ s  shift  is  created,  from  30  *»  40nm 
for  similar  dye  concentrations,  thereby  reducing  the  self-adsorption 


cross-section,  due  to  the  reduced  freedom  of  the  excited  ,dye  molecules  in 
reorientating  themselves  around  the  excited  state,  thus  reducing  the  excited 
rotational  energy  level  compared  to  the  ground  state. 

The  method  described  here  is  the  doping  of  the  gel  glass  using  the 
adsorption  technique. 

3.  DYE  DISTRIBUTION 

The  sol-to-gel  method  incorporates  the  dye  molecules  within  the  bulk  of 
the  glass.  They  are  held  in  isolation  from  gas,  liquid  and  solid  impurities 
in  the  host  lattice.  A  direct  result  of  this  is  attainment  of  relatively 
high  concentrations. 

Adsorption  doping  puts  the  dye  molecules  onto  the  exposed  walls  of  the 
pores.  In  this  situation  dye  molecules  may  well  come  into  contact  with 
solvent  molecules  and  other  dye  molecules.  Although  excess  solvents  can  be 
driven  off  with  heat  or  partial  vacuum,  it  appears  that  the  water  vapour  is 
taken  on  until  an  equilibrium  level  has  been  attained  by  the  gel  glass. 
Hydrogen  bonded  solvents  in  contact  with  the  pore  surface  can  only  be 
removed  by  higher  temperatures  (1Q0°C)  which  cannot  be  used  due  to 
destruction  of  the  dye  molecules. 

4.  LASER  CAVITY  CONFIGURATION 

Two  cavity  configuration  have  been  designed  employing  transverse  and 
longitudinal  pumping  techniques.  The  former  enables  high  concentions  of  dye 
molecules  to  be  doped  within  the  gei  glass  whilst  the  latter  requires  a 
lower  concentration. 

The  transverse  arrangement  users  a  cylindrical  silica  lens  (f  ■  70mm) 
to  focus  249nm,  5ns  KrF  excimer  laser  pulses  to  a  thin  strip  of  width  1mm 


and  length  27mm.  Excimer  lasers  can  produce  short,  very  intense  laser 
pulses  useful  for  investigation  of  threshold  levels  for  laser  action  in  gel 
glass.  If  this  strip  is  formed  along  a  25mm  diameter  of  a  gel  glass  disc 
then  an  excited  region  extending  the  full  width  of  the  disc  can  be  created, 
with  hopefully  enough  intensity  to  produce  sufficient  gain  to  overcome 
losses  within  the  disc  and  produce  laser  emission.  Such  high 
concentrations,  10*4  -  10 and  high  pump  power  densities,  10*W/cm3,  can 
produce  amplified  spontaneous  emission  (ASE)  without  mirrors,  ie  amplified 
single  pass  emission,  however  multi-pass  lasing  requires  the  addition  of  two 
mirrors,  a  high  reflector  and  an  output  coupler  of  807.  reflectance. 
Unfortunately,  249nm  photons  (5eV)  can  photodissociate  the  dye  molecules  and 
therefore  only  a  few  shots  are  possible  before  the  dye  ceases  to  perform. 
This  problem  can  be  overcome  by  rotating  the  disc  to  expose  a  fresh  surface 
every  few  shots. 

A  further  problem  is  the  poor  optical  quality  of  the  gel  glass  surface 
as  polishing  seems  to  be  unsuccessful.  This  can  be  overcome  by  sandwiching 
the  gel  disc  between  two  optical  flats  using  index  matching  fluid.  A 
frequency  doubled  Nd:YAG  laser  pulse  injected  at  a  shallow  angle 
could  then  produce  a  gain  region  between  the  two  flat  surfaces. 

Table  1  lists  the  spectroscopic  and  kinetic  parameters  used  in  the 
evaluation  of  threshold  pump  energy  densities  required  for  lasing  action. 

5.  RESULTS 

The  spectrum  of  the  side  fluorescence  for  R6G  in 
methanol  when  pumped  by  a  KrF  laser  a  *4  pulse-4  -  extends  from  about 
S70nm  to  about  610nm  with  peak  emission,  in  this  case  exhibiting  slight  ASE 


at  575nm. 


THRESHOLD  CONDITIONS 

Population  inversion  density  required  for  lasing  threshold. 

Nt  “  8Tn3TAt> 
ctcX2 

n  =  refractive  index, 

r  *  spontaneous  lifetime  of  upper  laser  level, 

Av  *  transition  linewidth, 
tc  «  cavity  loss  lifetime. 

COMPARISON  OF  PARAMETERS  FOR  R6G  IN  MeOH  AND  GLASS  HOSTS 


MeOH 

gel  glass 

n 

1.33 

1.45 

tc 

-  similar  — 

t  (ns) 

-5 

20 

Av  (nm) 

-5 

~1 

Power  density  for  R6G  in  methanol  -5.107  W/cm3  for  5.10*4  M. 

PULSE  ENERGIES  REQUIRED  FOR  THRESHOLD  LASING 

Nd-YAG  (532  nm)  EXCIMER  (248  nm) 

Pulsewidth  (ns)  5  10 

Geometry  longitudinal  transverse 

3 

Pump  volume  (cm  )  0.01  0.04  -  0.1 

Energy  (mj)  5  15-50 


Table  1 


Thi*  shows  a  similar  spectrum  for  gel  glass  doped  by  the  adsorption 
process  with  R6G.  The  fluorescence  band  is  now  shifted  to  a  shorter 
wavelength,  530nm  to  610nm,  with  peak  emission  at  560nm.  This  appears  at 
odds  with  the  results  given  by  Avnir  et  al*1*  who  detected  a  shift  to  the 
red  of  about  5nm.  This  opposite  shift  can  be  explained  if  the  average  dye 
concentration  is  taken  into  account.  The  dye  existed  at  lO”4!!  in  methanol, 
however  because  the  fractional  pore  volume  of  the  700 °C  gel  glass  disc  used 
was  only  257.  then  even  for  a  complete  take-up  of  dye  solution  by  the  disc 
there  would  be  a  reduction  in  the  average  concentration  for  the  disc  bulk  of 
one  quarter.  A  reduction  in  dye  concentration  of  this  amount  could 

certainly  lead  to  a  blue  shift  of  at  least  lOnm  and  maybe  more  if  total  pore 
fill  was  not  achieved.  It  must  be  remembered,  however,  that  although  the 
bulk  dye  concentration  has  dropped  by  at  least  one  quarter,  the  cluster 
concentration  within  the  pores  should  at  least  remain  constant  or  even 
increase  depending  upon  how  much  solvent  in  driven  off  at  the  drying  stage. 
Further  tests  are  required  to  determine  whether  emission  shifts  depend  on 
the  average  bulk  dye  concentration,  pore  dye  concentration  or  the  existence 
of  a  solid  lattice  in  close  proximity  to  the  dye  molecules. 

£how*^the  spectral  emission  and  linewidth  for  a  lasing  sample 
of  gel  glass,  alignment  was  achieved  by  superposition  of  internal  He~Ne 
tracks  within  the  sample.  As  can  be  seen,  the  laser  emission  has  a 

linewidth  of  3  to  4nm  centred  on  the  peak  fluorescence  emission  at  about 
560nm. 

for  the  pulse  profiles  of  the  KrF  pump  laser,  R6G  dye 
fluorescence,  R6G  ♦  methanol  and  R6G  ♦  glass  lasers,  the  multi-peak  output 
profile  of  the  two  laser  media  arise  from  the  oscillatory  nature  of  the  KrF 
pump  laser,  and  the  15ns  fluorescence  lifetime  of  R6G.  As  can  be  seen  the 


R6G  fluorescence  lifetime  in  gel  glass  is  about  10-15ns,  which  is  about 
twice  as  long  as  in  methanol.  However,  the  stimulated  lifetime  for  R6G  in 
gel  glass  is  less  than  Ins  (limit  of  detector)  and  as  in  the  case  of  R6G  in 
methanol  the  laser  emission  intensity  closely  follows  that  of  the  KrF  pump 
laser. 


6.  CONCLUSION 

We  report  the  observation  of  lasing  action  for  R6G  in  gel  glass  doped 
using  the  adsorption  process.  Laser  linewidths  and  lifetimes  are  apparently 
similar  to  that  of  R6G  in  methanol  although  the  lifetimes  for  R6G  in  both 
hosts  would  be  much  shorter  than  that  measurable  by  our  apparatus.  Although 
the  excimer  laser  was  a  good  investigatory  tool  to  study  possible  laser 
action  and  prototyping  possible  cavity  configuration,  the  high  energy 
ultra-violet  photons  are  not  conducive  to  a  long-life,  multi-shot  capability 
and  so  f  uture  work  will  involve  pump  lasers  with  less  energetic 
photons-double  Nd:YAG  (532nro)  and  Coumarin  504  dye  laser  (507nm).  Recent 
work  with  a  C504  pulsed  dye  laser  (507nm,  4ps,  600mJ)  shows  great  promise 
with  no  photodegredation  of  the  dye-doped  glass  even  after  100  high  energy 
shots. 

If  lasing  can  be  achieved  using  flashlamp  pumped  dye  lasers  then  the 
possibility  arises  of  using  small  cavities  that  currently  house  solid  state 
rods,  employing  flashlamps  and  samarian  down-conversion  filters,  to  produce 
a  low  cost,  compact  laser  along  the  lines  of  more  conventional  solid  state 
lasers.  This  would  require  a  different  gel  glass  geometry  either  in  slab 
form  (20  -  30mm  x  10mm  x  2mm)  or  rod  (30mm  x  4mm  diameter). 

Current  work  is  also  studying  longitudinal  pumping  as  a  means  of 
producing  a  higher  quality  output  beam  using  an  optical  flat  sandwich,  this 


quality  is  currently  denied  the  gel  glass  due  to  the  lack  of  success  in 
polishing  it. 

It  was  noted  that  in  the  glass,  the  bleaching  process,  brought  about  by 
intense  pumping  by  high  energy  KrF  photons,  transformed  R6G  into  colourless 
products*6*.  Therefore,  as  one  layer  is  bleached  new  deeper  layers  of 
undissociated  R6G  molecules  are  constantly  exposed,  and  the  pump  energy  of 
KrF  laser  is  not  blocked  by  the  transparent  photodecomposition  products 
trapped  in  the  pores  of  the  dissociated/degraded  layers. 

An  increase  in  the  fluorescence  lifetime  of  the  upper  laser  level  in 
the  dye  molecules  has  been  confirmed.  This  increase  is  due  to  the  presence 
of  bonding  between  dye  molecules  and  the  glass  matrix  thus  making  the 
transition  to  lower  states  less  allowed.  This  being  the  case,  population 
inversion  is  easier  to  attain  and  threshold  for  gain  is  reduced. 

Further  studies  have  shown  that  solvents,  eg  methanol,  still  exist 
within  the  pores  after  drying,  albeit  to  a  lower  degree  than  during 
immersion,  and  so  dye  molecules  must  exist  in  concentrated  solutions  as  well 
as  adsorbed  onto  pore  wall  surfaces  both  adjacent  and  remote  to  solvent 
molecules. 

Future  work  will  be  involved  in  varying  dye  types  (R6G,  Klton  Red, 
Sulforhodamine  640,  ...J,  dye  concentrations,  gel  glasses  within  group  II 
(500-1 100 °C),  and  solvents,  the  last  to  improve  the  robustness  of  the  glass 
during  drying  or  opticai  working.  Different  geometries  need  to  be  tried 
such  as  slabs  and  rods  for  ease  of  laser  cavity  fabrication  and  coupling  of 
input  energy. 

Some  form  of  hermetic  sealing  may  have  to  be  introduced  to  the  glass  as 
dried  samples  gain  weight  by  taking  on  water  from  the  atmosphere. 
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ABSTRACT:  Development  of  densification  techniques  for  sol-gel  matrices 
using  laser  radiation  is  presented.  A  carbon  dioxide  laser  has  been 
shown  to  be  effective  in  producing  full  densification  of  thin  surface 
layers  of  silica  sol-gel.  Microhardness  as  a  characterisation  method  of 
the  lower  energy  densification  threshold  and  the  upper  (bloating) 
threshold  and  refractive  index  as  a  monitor  of  densification  have  been 
developed.  Energies  to  effect  full  densification  were  measured  as  6.3 
±  0.3  and  4.3  ±  0.2Jcm  of  surface  irradiated. 


1.  INTRODUCTION 

The  generally  accepted  structure  for  partially  dense  gel-silica  is  a 
microporous  solid  based  on  an  Si02  skeleton  (Klein  1988).  Most  of  the  pores 
are  open  and  are,  on  average,  1.2nm  diameter.  Water  molecules  are  hydrogen 
bonded  to  oxygen  atoms  on  the  pore  surface  as  well  as  OH  ions.  Gallo  et  al 
(1984,  1987)  describe  the  physical  and  chemical  processes  occurring  during 
densification  as 

O 

1.  Physical  desorption  of  hydrogen  bonded  water  below  200  C 

°  © 

2.  Decomposition  of  residual  organic  compounds  over  300  C  -  500  C 

3.  Pore  collapse  over  500°C  -  1150°C. 
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OH  ions  are  steadily  eliminated  by  condensation  polymerisation  as  below: 


Si  -  OH  +  HO  -  Si  - »  Si  -  0  -  Si  +  H20 


This  process  increases  the  surface  energy  of  the  pores.  OH  ions  are  largely 
eliminated  at  temperatures  >1100  C.  The  mechanism  of  pore  collapse,  known  as 
viscous  sintering,  occurs  because  the  gel-silica  tends  to  a  minimum  erorgy 
state.  In  this  instance  a  minimum  energy  state  corresponds  to  minimum 
surface  energy,  hence  the  pores  will  tend  to  collapse.  We  find  that  a 
viscous  relaxation  of  the  pores  takes  place  which  is  activated  by  heating  the 
gel-silica.By  about  1150  C  densif ication  is  complete,  giving  a  gel  silica 
with  a  density  equal  to  that  of  conventional  vitreous  silica,  ie  2.21gcm~  . 
The  energy  required  to  effect  full  densif  ication  may  be  estimated  by 
determining  the  energy  required  to  raise  the  temperature  of  a  surface  layer 
of  gel  silica  to  1150  C.  This  energy  H  is 


H  =  mcA0 


(1) 


where  m  is  the  mass  of  the  surface  layer,  c  is  the  specific  heat,  and  A0  is 
the  temperature  change. 

It  is  convenient  to  work  with  the  energy  required  per  square  centimetre  of 
surface  irradiated.  Since  the  laser  radiation  is  significantly  absorbed  by 
silica  and  is  not  absorbed  in^  the  pores  we  are  justified  to  use  the  density 
of  bulk  silica,  ie  2.21gcm  ,  in  calculating  the  mass.  Taking  the  V, 
penetration  depth  of  10.6pm  radiation  in  gel-silica  as  40pm  every  cni  of 
surface^  irradiated  is  equivalent  to  irradiating  a  volume  of  1  x  0.004  =  4  x 
10  cm  .  Hence  every  cm  irradiated  is  equivalent  to  irradiating  a  mass  m  = 
2.21  x  4  x  10'3  =  8.84  x  10'3g.  For  A0  =  1150  -  20  =  1130 °C  and  c  =  0.753 

o  -2 

J/g  C  the  energy  required  is  7.4Jcm 

This  research  investigates  the  feasibility  of  laser  induced  densification, 
the  energies  required  and  the  properties  of  laser  densified  gel-silica. 
Techniques  are  being  developed  for  the  laser  writing  of  refractive  index 
profiles,  in  particular  waveguides  and  densification  of  large  surface  areas. 


2.  EXPERIMENTAL  PROCEDURE 

Sol-gel  prepared  polymeric  silica  (Hench  et  al  1988)  in  the  form  of  1  inch 
diameter  discs  was  supplied  by  GELTECH  Inc.  The  samples  had  been 

pre-densified  to  800  C  by  conventional  thermal  methods.  This  means  that  the 
samples  provided  have  a  density  of  1.35gcm"  (with  -  287,  of  the  volume  being 

pores),  a  microhardness  of  190kg  mm"  and  a  refractive  index  of  1.42.  Fully 

dense  silica  glass  has  a  density  of  2.21gcm  a  microhardness  of  680kg 
mm"  and  a  refractive  index  of  1.46.  The  laser  written  tracks  were  produced 
by  mounting  ^he  gel-silica  disc  on  a  pendulum  bob  which  is  swung  through  the 
focused  carbon  dioxide  laser  beam  once  and  then  stopped.  As  the  pendulum 

swings  through  the  laser  beam  it  interupts  a  second  helium-neon  laser  beam 
incident  normally  on  a  photodiode  which  is  connected  to  an  oscilloscope,  thus 
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the  speed  of  the  pendulum,  and  hence  the  incident  energy  can  be  calculated. 
The  carbon-dioxide  laser  (Ferranti,  model  CM2000)  produced  up  to  17  watts 
with  a  focused  beam  radius  of  up  to  380pm.  In  general  a  densified/damaged 
track  is  written  across  the  disc.  Densified  material  was  characterised  by 
measuring  the  Vicker's  microhardness  with  a  Riechart  2683  model  microhardness 
apparatus.  Loads  of  24g  and  in  some  cases  32g  and  40g  for  harder  material 
were  used.  None  of  these  load  values  were  round  to  be  such  as  to  exceed  the 
stress  factor  when  applied  to  appropriate  regions.  Refractive  index  methods 
based  on  a  reflectivity  technique  to  characterise  laser  written  tracks  are 
being  developed. 


3.  RESULTS 

Figure  1  shows  some  photographs  of  laser  treated  tracks  taken  with  an  Olympus 
AH2  photomicroscope.  Figure  la  is  a  laser  treated  line  with  an  energy  cf 
2.34Jcm  ,  ie  below  threshold,  here  the  beam  has  just  ’cleaned  up’  the 
surface.  Figures  lb  and  lc  show  lines  exposed  to  6.67  and  5.98Jcm  Both 
these  photographs  were  taken  under  dark  field  photography;  this  method 

illuminates  scattering  centres  brightly  while  smooth  areas  appear  dark. 
Figure  Id  shows  a  track  produced  by  an  energy  density  of  11.53Jcm’  ;  the 

energy  here  is  above  the  damage  threshold,  the  gel-silica  has  been  exposed  to 
an  energy  above  the  damage  level  and  bubbles  of  released  gases  have  formed. 
The  gel  is  said  to  bloat.  Bloating  occurs  when  gases  and/or  water  vapour 
released  during  the  densification  process  cannot  escape  because  the  pores 

have  already  collapsed.  Thus  in  Figure  lb  we  see  a  bright  bloated  line 

whilst  Figure  lc  is  mainly  dark  indicating  a  smooth  and  densified  track. 
Thus  we  can  deduce  that  the  bloating,  or  upper  densification  ‘hreshold,  is 

between  6.67  and  5.98Jcm’  giving  a  mean  upper  densification  threshold  of 

6.32  ±  0.34Jcm  .  Figure  le  is  a  photograph  of  a  densified  track  under 

interference  photography. 

Figures  2a  and  2b  are  microhardness  profiles  of  various  laser  treated  tracks 
with  different  incident  energies.  The  microhardness  profiles  are  gaussian 
because  the  transverse  profile  of  the  COz  laser  beam  is  gaussian.  Fully 

dense  silica  has  a  microhardness  of  680kg  mm  The  three  curves  in  figure 
2a  have  peaks  within  errors  of  this  value  whereas  the  two  curves  of  figure  2b 
are  not  within  this  value.  We  deduce  that  the  lower  densification  threshold 
is  between  4.45  and  4. 06 Jem’2,  with  a  mean  value  for  the  lower  densification 
threshold  of  4.26  i  0.20Jcm"Z. 


4.  DISCUSSION  AND  CONCLUSIONS 

The  upper  and  lower  densification  thresholds  have  been  measured  as  6.32  t 
0.34Jcm'  and  4.26  ±  0.20  Jem’  respectively.  These  energies  using  equation 
1  correspond  to  raising  the  exposed  gel-silica  to  temperatures  of  950  C  and 
640°C.  The  values  6.32Jcm"2  and  4.26Jcm  are  average  beam  intensities; 
since  the  laser  beam  has  a  gaussian  profile  the  peak  intensity  is 
approximately  twice  (or  exactly  2.066  x)  the  measured  average  intensity,  thus 
the  peak  intensity  thresholds  are  13.06Jcm"  and  8.80Jcm  ,  which  correspond 
to  raising  the  temperature  of  the  gel-silica  to  1962  C  and  1322  C.  This 
lower  threshold  temperature  is  in  reasonable  agreement  with  the  minimum 
temperature  for  densification  of  1150°C.  The  lower  energy  threshold  has 

been  calculated  as  7. 42 Jem"  as  an  average  value;  the  peak  intensity  for  the 
measured  lower  densification  is  8.80Jcm"  ,  again  this  in  good  agreement  with 
the  calculated  value. 


88  Materials  for  Non-linear  and  Electro-optics  1989 

Figure  1:  Densified/Damaged  Tracks 
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Figure  2:  Microhardness  profiles 
incident  energies 
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ABSTRACT 

A  three-dimensional  transient  model  for  heat  conduction  in  a  silica  glass 
is  developed.  The  model  simulates  the  three-dimensional  temperature 
distribution  in  the  silica  glass  irradiated  by  a  moving  C02  laser.  Both  the 
reflectivity  of  the  glass  surface  and  the  strong  attenuation  of  the  laser 
energy  in  the  glass  medium  are  accounted  for  by  a  detailed  radiation  analysis. 
The  energy  absorbed  by  the  glass  is  found  to  be  confined  in  a  10  pm  thickness; 
the  laser  irradiation  is  thus  treated  as  a  boundary  condition.  The  heat 
diffusion  equation  is  solved  by  an  alternating-direction- implicit  method. 
Parameters  tested  in  the  study  encompass  the  laser  power  and  moving  speed,  the 
heat  transfer  coefficient  and  the  thermal  diffusivity  of  the  glass  medium. 

This  study  provides  the  analytical  basis  for  the  thermal  effect  of  laser 
densif ication  on  a  gel-derived  silica  glass.  The  properties  of  the  gel  glass 
are  known  to  be  strongly  related  to  its  processing  temperature  and  the 
resulting  ultrastructure.  The  results  presented  in  this  paper  permit  a 
prediction  of  the  change  of  the  glass  properties  with  temperature. 

INTRODUCTION 

Many  models  have  been  developed  for  predicting  the  temperature 
distribution  inside  materials  treated  with  laser  heating  [1-3].  Phase 
transformations  are  involved  during  laser  heating.  In  this  paper  the 
temperature  rise  by  applying  a  moving  C02  laser  on  a  porous  gel  silica  glass 
monolith  is  analyzed.  Previous  papers  report  the  processing  and  properties  of 
the  alkoxide  derived  gel  silica  investigated  in  this  paper  [4-6]. 

The  laser  energy  is  assumed  to  be  absorbed  and  totally  transformed  into 
heat.  As  the  absorption  coefficient  [7]  of  the  glass  is  very  large,  the  laser 
energy  is  absorbed  primarily  within  a  very  thin  layer  at  the  irradiated  side 
of  the  glass  surface.  The  Gaussian  distribution  of  the  laser  energy  can  be 
integrated  within  the  absorption  layer,  and  the  absorbed  energy  can  be  treated 
as  a  boundary  condition  in  the  analysis. 

The  model  developed  in  this  paper  simulates  the  three  dimensional  heat 
transfer  in  the  silica  glass  irradiated  by  a  moving  C02  laser.  Relative 
temperature  distributions  at  various  laser  power  settings  and  travelling 
velocities  are  evaluated  numerically.  Parametric  studies  for  the  effects  of 
the  heat  transfer  coefficient  on  the  glass  surface  and  the  thermophysical 
properties  of  the  glass  medium  are  also  investigated.  It  is  well  known  that 
the  properties  of  the  gel  silica  glass  is  strongly  related  to  its  processing 
temperature.  The  results  presented  in  this  paper  can  thus  be  used  to 
determine  the  processing  parameters  vital  to  the  changes  of  the  density  and 
refractive- index  gradients  in  glass  treated  with  laser  heating.  Furthermore, 
with  the  knowledge  of  the  mechanisms  of  the  glass  densif  ication,  the 
temperature  distribution  in  glass  is  also  useful  in  predicting  the 
ultrastructural  changes  within  the  gel  network.  These  structural  changes  play 
an  important  role  in  changing  the  overall  glass  properties. 


FORMULATION  OF  THE  PHYSICAL  MODEL 


The  physical  system  under  investigation  is  shown  in  Figure  1.  A  focused 
C02  laser  beam  is  travelling  in  the  x  direction.  The  thickness  of  the  glass 
slab  is  in  the  z  direction,  and  because  of  the  motion  of  the  beam,  the 
temperature  distribution  in  glass  is  symmetrical  with  respect  to  the  x-z 
plane;  only  one  half  of  the  medium  is  thus  needed  for  analysis. 

The  thermal  conductivity  of  the  glass  is  small;  the  heat  affected  zone  is 
highly  localized  and  represented  by  the  dashed  line  in  the  figure.  The 
irradiated  energy  is  transformed  into  heat  and  diffused  into  the  glass  medium 
by  conduction,  while  the  surface  of  the  glass  dissipates  heat  by  convection 
and  radiation  to  the  surroundings.  Radiation  is  lumped  into  convection  by 
defining  a  overall  heat  transfer  coefficient  following  a  linearization  process 
(8]. 

The  thermal  effect  of  the  laser  irradiation  can  be  evaluated  by  a 
detailed  radiation  analysis.  Accounting  for  both  the  reflectivity  of  the 
glass  surface  and  the  absorption  of  the  glass  medium,  the  heat  generated  by 
the  laser  beam  can  be  evaluated  as 


Q  -  Jo  I0(l-R)  exp  (2r2/w2)  [ l-exp( -aAz) ] 2*rdr  (1) 

Here  all  notations  have  been  defined  in  Table  I.  For  the  C02  laser  (10.6  pm) 
used  in  this  work,  the  laser  generated  heat  is  confined  to  a  glass  thickness 
of  10  um,  at  which  depth  the  laser  energy  is  attenuated  to  0.15X  of  its 
surface  value.  This  depth  is  small  enough  to  permit  the  laser  heating  to  be 
treated  as  a  boundary  condition.  As  for  the  condition  on  the  other  side,  an 
adiabatic  condition  is  imposed  there  because  of  the  small  thermal  conductivity 
of  glass.  The  problem  can  then  be  formulated  mathematically  as  follows: 


Governing  Equation: 

0<x<a 

pc3T/3t  -  V  •  (kVT),  T(x,y,z,t)  -b<y<b  ,  t>0  (2) 

0<z<d 


Initial  Condition: 

T(x,y,z,0)  -  T.  (3) 

Boundary  Conditions: 

k3T(0,y,z,t)/3x  -  h[T(0,y , z , t) -T„]  (4) 

T(a , y , z , t)  -  T.  (5) 

T(x,±b,z, t)  -  T.  (6) 

q(Vt.y,0,t)+k(3T(Vt,y,0,t)/az]-h[T(Vt,y,0,t)-T.l  -0  (7) 

3T(x,y,d,t)/3z  -  0  (8) 


The  problem  as  given  can  only  be  solved  exactly  for  a  special  case  in 
which  the  laser  beam  has  travelled  a  long  distance  to  the  extent  a  quasi¬ 
steady  state  is  reached.  At  that  time  the  glass  temperature  is  invariant  with 
time  in  a  coordinate  system  that  is  travelling  along  with  the  beam.  For  the 
general  case  of  small  time  or  sample  size  in  a  fixed  coordinate  system,  the 
temperature  is  time  dependent,  and  the  problem  must  be  solved  numerically. 

For  the  present  work,  a  f ini te - difference ,  alternating  direction-implicit 
(ADI)  method  is  used  to  solve  the  problem.  The  intense  heat  from  the  laser 
beam  requires  the  use  of  a  very  thin  surface  layer  together  with  small  time 
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Figure  1  .  Physical  system  under  investigation 
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Table  I.  Calculational  Variables  and  Values 


Nomenclature 


Values 


Sample  length 

Sample  width 

Specific  heat  [ 9 J 

Sample  thickness 

Heat  diffusivity 

Heat  transfer  coefficient 

Laser  intensity 

Thermal  conductivity  [10] 

Heat  flux 

Absorbed  laser  power  density 
Absorbed  laser  power 
Reflectivity 
Time 

Time  step 

Temperature 

Room  temperature 

Travelling  velocity 

Half  width  of  laser  beam 

Depth 

Absorption  coefficient 
Density 


0.4  cm 
0.2  cm 

10.5  J/g'C 
0.3  cm 

6.5  x  10'*  (-k/pc) •cm2/sec 
7.1  x  10'3  w/cra2*C 

3 . 3  x  10*  w/cm2 

1.5  x  10'2  w/cm*C 

107  (-q/Az)  w/cm3 
0.17 


24’C 

0.04  cm/sec 

0.01  cm 

6.5  x  10'1  jim'1 
2.2  g/cm3 


Figure  2.  Relative  temperature  profiles  with  different  heat  diffusivity 


step  in  order  to  assure  a  convergent  solution.  The  criteria  for  stable 
solution  is  that  DAt/(Az)2<0. 5,  which  governs  the  selection  of  time  steps  and 
spatial  Increments  in  the  numerical  solution.  Computation  was  effected  by 
using  an  IBM  Converted  Monitor  System  (CMS)  system  available  on  the  University 
of  Florida  Campus. 


RESULTS  AND  DISCUSSION 

Values  of  the  parameters  used  in  the  computation  are  summarized  in  Table 
I.  Of  those  listed  in  the  table,  the  values  of  D,  h,  Q,  and  V  are  also 
changed  in  order  to  examine  their  effects  on  the  temperature  changes.  For 
graphical  presentation  of  results,  composite  diagrams  (see  Figures  2  through 
5)  are  constructed  so  that  the  temperature  profiles  in  both  x  and  |y| 
directions  can  be  viewed  simultaneously.  All  temperatures  are  plotted  for  the 
distributions  at  the  surface  (z-0) ,  and  they  are  normalized  by  using  the  peak 
values  evaluated  at  the  beam  center;  in  all  instances  those  evaluated  with  the 
tabulated  parameters  are  used  for  control.  It  is  noted  that  in  each  of  these 
plots,  the  laser  beam  has  moved  to  x  equal  to  0.32  cm,  and  the  temperature 
profiles  in  the  y  direction  are  those  of  T  evaluated  at  this  x  position. 

As  shown  in  Figure  2,  a  reduction  of  the  thermal  diffusivity  by  one  half 
has  a  small  effect  of  lowering  the  peak  temperatures.  For  the  temperature 
distributions  in  the  x  direction,  the  temperature  gradients  at  the  leading 
sides  (x>0.32  cm)  are  always  greater  than  the  temperature  gradients  at  the 
trailing  sides  (x<0.32  cm),  a  typical  phenomenon  for  the  problem  investigated. 
In  fact,  the  trailing  side  temperatures  are  practically  unchanged  with  the 
diffusivity  changes.  Physically  the  temperature  drops  at  small  thermal 
dif fusivities  can  be  attributed  to  the  large  heat  capacitance,  which  permits 
more  heat  to  be  stored  in  the  glass  medium. 

An  increase  of  the  heat  transfer  coefficient  by  100X  has  a  negligible 
effect  in  changing  the  surface  temperatures;  see  Figure  3.  The  h  value  quoted 
in  the  table  accounts  for  both  free  convection  and  radiation.  It  is  noted 
that,  while  the  peak  surface  temperature  at  the  beam  cneter  is  high,  the  area 
over  which  this  temperature  is  found  is  small.  As  a  result,  the  heat  transfer 
coefficient  has  negligible  effect  on  the  surface  temperatures. 

It  is  expected  that  a  reduction  of  laser  power  setting  and  an  increase  of 
the  laser  travelling  velocity  have  an  effect  of  lowering  the  peak  temperatures 
found  on  the  surfaces;  see  Figures  4  and  5.  The  major  difference,  however,  is 
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Figure  3.  Relative  temperature  profiles  with  different  heat  transfer  coefficient 


Figure  4,  Relative  temperature  profiles  under  different  power  settings 
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Figure  5.  Relative  temperature  profiles  with  different  travelling  velocity 
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Figure  8.  Convergence  of  the  Solution 


in  the  trailing  sides.  A  reduction  of  the  power  setting  is  shown  to  have  a 
dominant  effect  in  lowering  the  trailing  side  temperatures. 

To  show  the  temperature  attenuation  in  the  z  direction,  three  dimensional 
plots  are  provided  as  shown  in  Figures  6  and  7.  In  these  figures,  the  values 
of  the  parameters  are  taken  to  be  those  listed  in  Table  I.  Those  peak 
temperatures  at  z-0  correspond  to  peak  curves  presented  earlier  in  the 
composite  plots  in  Figures  2  through  5. 

To  complete  this  study,  a  numerical  experiment  is  performed  to  test  the 
convergence  of  the  numerical  solution.  The  time  steps  are  successively 
reduced  by  half  and  the  peak  temperatures  are  compared  for  convergence.  As 
shown  in  Figure  8,  the  temperatures  have  converged  to  within  0.4X  for  time 
steps  changing  from  0.002  to  0.001  second.  The  results  presented  in  this 
paper  were  obtained  by  using  a  time  step  of  0.002  second,  a  compromise  between 
accuracy  and  economy. 
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ABSTRACT 

The  sol-gel  chemical  processing  method  of  producing  fully  dense  silica 
optics  provides  an  intermediate  product  termed  Type  VI  silica  ideally  suited 
for  use  in  engineering  multifunctional  silica  optics.  This  paper  reviews  the 
sol-gel  process,  the  Type  V  dense  gel-silica  produced  by  this  process  and  the 
Type  VI  ultraporous  gel-silica  intermediate  product.  Included  is  a  comparison 
of  two  different  porous  ultrastructures  with  1.2  nm  and  8.0  nm  average  pore 
radii.  Two  uses  of  the  porous  gel-silica  components  as  multifunctional  optics 
are  described.  The  first  is  for  use  in  transpiration  cooled  windows  in  high¬ 
speed  rocket  guidance  systems.  Flow  rates  of  He  and  N?  through  the  1.2  nm  and 
8.0  nm  ultrastructures  are  as  high  as  0.9  m/min  at  0.75  MPa.  High  temperature 
UV  transmission  in  contact  with  an  impinging  oxv-acetylene  flame  is 
demonstrated.  Use  of  Type  VI  gel-silica  as  a  host  matrix  for  fast  radiation- 
hard  scintillating  detectors  is  also  reviewed. 


INTRODUCTION 

Precision  optics  have  been  made  by  basically  the  same  process  since  the 
time  of  Galileo:  l.e.,  silica  sand  has  been  melted  with  various  fluxes, 
homogenized  at  very  high  temperatures  above  the  liquidus  and  cast  into  glass 
Ingots.  Sections  of  the  ingots  with  minimum  bubbles,  seeds,  striae  or  other 
defects  have  been  selected  by  hand  for  grinding  by  skilled  opticians  into  the 
shape  of  lexises,  prisms,  windows,  or  mirrors,  followed  by  successive  polishing 
steps,  again  performed  by  highly  trained  optical  technic ians .  The  quality  of 
each  optical  component  is  therefore  dependent  on  the  summation  of  the  quality 
of  each  step  of  processing,  which  in  turn  is  a  function  of  the  skill, 
training,  and  time  devoted  by  technicians.  The  performance  of  an  optical 
system  is  an  aggregate  of  the  quality  of  the  individual  components  and 
therefore  Is  highly  dependent  on  the  availability  and  skill  of  technical 
manpower . 

Until  recently,  optical  components  have  for  the  most  part  also  served 
only  a  single  function  in  an  optical  system;  i.e.,  lenses  refract,  mirrors 
reflect,  windows  transmit,  filters  absorb  and  lasers  amplify.  As  optical 
systems  requirements  become  ever  more  demanding  there  is  a  great  incentive  for 
components  to  serve  more  than  one  function.  This  need  is  very  difficult  to 
satisfy  with  traditional  methods  of  making  precision  optics.  The  fundamental 
characteristics  of  glass  as  an  Isotropic,  homogeneous  solid  generally  restrict 
its  use  to  a  single  optical  function. 

Sol-gel  chemical  processing  of  silica  provides  a  new  approach  to  each  of 
the  historical  restrictions  of  silica  optical  components  summarized  above; 
i.e.,  1)  elimination  of  hand  operations  in  manufacturing  by  net  shape 
casting,  and  2)  development  of  multifunctional  optics  by  producing 
ultraporous  silica  matrices  that  are  optically  transparent. 


SOL-GEL  PROCESSING 


Recent  publications  have  presented  in  detail  the  important  features  of 
sol-gel  technology  (1-3].  The  use  of  sol-gel  processing  for  producing 
monolithic  silica  optical  components  has  also  been  previously  described  (1,2). 
In  summary,  there  are  three  approaches  to  making  sol -gel  monoliths: 


Method  1 


Gelation  of  colloidal  powders. 


Method  2  -  Hydrolysis  and  polycondensation  of 

alkoxide  precursors,  followed  by 
hypercritical  drying  to  form  aerogels. 

Method  3  -  Hydrolysis  and  polycondensation  of 

alkoxide  precursors  followed  by  aging  and 
drying  tinder  ambient  atmospheres  to  form 
xerogels . 


Method  1  has  been  used  by  Shoup  to  make  silica  for  reflective  optics. 
Method  2  has  been  used  by  Kistler  (A),  Fricke  (5),  Zarzyeki  (6),  and  others 
to  make  aerogels,  which  can  be  used  as  very  low  density  optical  components 
with  an  index  of  refraction  close  to  1.00  (7),  or  densified  to  form  silica 
glass  (8). 

In  order  to  make  net  shape  multifunctional  optics  we  use  Method  3  with 
an  emphasis  on  controlling  at  a  molecular  level  each  of  the  seven  steps  of 
processing  listed  in  Figure  1. 

In  our  process  the  alkoxide  is  tetramethylorthosillcate  (TMOS)  and  the 
catalyst  Is  either  nitric  acid  or  hydrofluoric  acid,  depending  upon  the 
average  pore  size  desired  after  drying.  Full  density  net  shape  precision 
optics  termed  Type  V  gel-silica,  require  all  seven  steps  listed  in  Figure  1. 
Partially  dense,  controlled  porosity  Type  VI  gel-silica  optics  require  the 
first  six  steps  listed  In  Figure  l. 

TYPE  V,  DENSE  CEL-SILICA 

The  average  pore  size  of  the  dried  monoliths  used  in  making  Type  V  dense 
gel-slllca  Is  very  small,  in  the  range  of  1.2  nm,  with  a  very  narrow  size 
distribution,  see  Figure  2.  Densif lcation  occurs  at  a  low  temperature, 
1150’C,  In  a  dry  atmosphere  due  to  the  very  small  pore  radii  and  very  large, 
>700  mJ/g,  surface  area.  There  is  almost  no  change  in  pore  radii  as 
densif lcation  occurs,  see  Figure  3.  As  shown  by  Vasconcelos  ( 9 J ,  nearly  all 
the  change  in  texture  during  the  densif  lcation  is  due  to  a  decrease  In 
connectivity  of  the  pore  network  which  decreases  the  surface  area  and  volume 
fraction  of  the  pores  per  unit  volume.  Figure  3.  At  H50*C  all  the  pores  are 
eliminated  and  the  bulk  density  of  the  glass  is  2.2  g/cc,  equivalent  to  that 
of  vitreous  silica.  Types  I-IV,  made  by  other  processes  (1). 

The  shape  of  the  optical  component  is  determined  by  the  shape  of  the  mold 
used  for  gelation.  Step  2.  Nogues  et  al.  (10)  report  that  it  is  possible  to 
achieve  as-cast  tolerances  for  the  diameter,  thickness,  and  radius  of 
curvature  of  silica  lenses  made  by  sol-gel  processing  which  are  within,  or 
supass,  tolerances  achieved  by  precision  grinding  and  polishing. 

The  optical  properties  of  Type  V  gel-silica  are  also  superior  than  most 
of  the  commercial  grades  of  optical  silica,  as  discussed  previously  (1,11,12). 
Figure  U  compares  transmission  from  the  vacuum  ultraviolet  to  the  visible  for 
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Figure  3.  Variation  of:  a)  surface  area  per  unit  volume  (Sv)  ,  b)  volume 

fraction  of  pores  (Vv) ,  and  c)  pore  radius  (R) ,  all  as  a  function 
of  temperature. 


Figure  4.  UV  cut-offs  of  Types  I,  II,  III.  V,  and  VI  silica. 


Type  V  gel-silica  with  typical  curves  for  Types  II  and  III  optical  silicas. 
Type  V  gel-silica  has  a  lower  wavelength  UV  cut-off  than  even  Type  III  silica, 
made  by  flame  hydrolysis  of  SiCl4,  which  is  sold  for  UV  applications.  Removal 
of  cation  and  hydroxyl  impurities  in  sol-gel  silica  processing  is  responsible 
for  the  improvement  in  optical  transmission. 

Transmission  in  the  near  IR  of  Type  V  gel-silica  is  also  excellent,  as 
illustrated  in  Figure  5.  There  are  no  absorption  peaks  due  to  hydroxyl 
impurities,  see  Table  I,  unlike  Type  III  optical  silicas. 

TYPE  VI,  ULTRAFOROUS  GEL- SILICA 

Figure  3  shows  that  gel-silica  monoliths  heated  up  to  800"C  to  900’C 
still  retain  a  large  volume  fraction  of  porosity.  Vasconcelos'  studies  of  the 
topological  characteristics  of  these  gels  show  that  this  porosity  Is 
completely  interconnected  (9).  Because  of  the  very  small  sice  of  the  pores, 
Figure  2,  the  material  is  optically  transparent,  Figure  6.  By  heating  to  800- 
900*C  stabilization.  Step  7  in  Figure  1,  the  concentration  of  silanols  on  the 
surface  of  the  pore  network  can  be  controlled,  as  illustrated  in  Figures  5  and 
7  thereby  making  the  material  chemically  stable  when  exposed  to  an  aqueous 
environment . 

The  ultraporous,  optically  transparent  gel-silica,  termed  Type  VI  gel- 
silica  (1),  is  uniquely  suited  for  many  multifunctional  optical  applications, 
as  discussed  by  llench  ec  al.  (1.12)  and  Hogues  et  al.  (13). 

It  Is  possible  to  vary  the  pore  size  and  volume  fraction  of  porosity  of 
the  Type  VI  gel-silica  by  using  HF  as  a  catalyst  in  Step  l,  as  discussed  bv 
Parsell  ( lft  ]  ,  Vasconcelos  (9J,  and  Elias  [15|.  Figure  2  compares  the  pore 
distribution  curves  for  monoliths  with  1.2,  and  8.0  nra  average  pore  sizes. 
Details  of  textural  characteristics  and  the  thermal  behavior  of  these,  and 
monoliths  with  other  pore  sizes,  are  presented  elsewhere  by  Vasconcelos  (9) 
and  Ellas  (15).  Increasing  the  pore  size  of  the  network  is  Important  for  a 
number  of  multifunctional  optical  applications,  as  shown  below.  However,  the 
larger  pores  do  degrade  the  UV  cut-off  to  some  extent,  from  160nm  to  235nm  as 
shown  in  Figure  4 ,  probably  due  to  Rayleigh  scattering,  as  calculated  by  West 
and  Ellas  (15).  The  porous  Type  VI  optics  also  have  residual  hydroxyls 
retained  on  the  pore  network.  Figure  5,  with  the  concentrat ion  dependent  on 
the  maximum  stabilization  temperature.  Since  the  larger  pore  network  is  more 
thermally  stable , ( 9 , 15 )  the  larger  pore  optics  can  be  heated  to  higher 
stabilization  temperatures  to  decrease  the  Oil  content  and  still  retain  a  very 
large  volume  fraction  of  porosity  (Figure  3).  This  increase  In  volume 
fraction  of  porosity  and  greater  thermal  stability  of  the  8.0  nm  Type  VI  gel- 
silica  offers  a  major  advantage  for  the  multifunctional  optical  applications 
discussed  below. 


Figure  5.  NIR  transmission  curves  for  Types  III,  V  and  VI  silica. 
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Figure  6.  Optical  transparency  of  Type  V  (dense)  ..nd  Type  VI  (porous)  gel- 
slllca. 


7 


Figure  7.  Hydroxyl  concentrat ion  of  silica  gel  powders  as  a  function  of 
processing  temperature  (from  Davydov,  et  al.  [16]). 


TRANSPIRATION  COOLED  UV  WINDOWS 

Multifunctionality  is  highly  desireable  for  optically  transmitting 
windows  in  high  speed  rocket  guidance  systems  due  to  severe  operating 
conditions.  The  windows  need  to  transmit  light  over  a  broad  range  of 
wavelengths,  including  the  ultraviolet.  Most  importantly,  the  optical 
transmission  must  not  be  affected  bv  very  high  ambient  temperatures  and 
impingement  of  very  energetic  gases.  Reasonably  good  structural  strength, 
thermal  stability,  and  thermal  shock  resistance  is  also  required  for  rocket 
windows . 

A  unique  approach  to  achieving  thermally  resistant  properties  is  to  cool 
the  window  by  passing  gases  through  the  window.  Such  a  concept  is  possible 
with  the  ultraporous  Type  VI  gel-silica  monoliths. 

The  objective  of  the  multifunctional  optical  component  is  to  cool  the 
window  via  transpiration  of  gases  through  the  interconnecting  pore  structure 
while  optical  transmission  is  maintained. 

The  first  step  in  evaluation  of  the  concept  of  a  transpiration  cooled 
window  is  to  determine  whether  transpiration  of  gases  is  possible  through  a 
porous  Type  VI  gei-silica  medium.  The  second  step,  if  transpiration  is 
possible,  is  to  characterize  the  transpiration  rate  as  a  function  of  pressure, 
pore  radius,  sample  thickness,  and  type  of  gas.  The  third  step  is  to 
determine  whether  UV  transmission  occurs  through  the  Type  VI  porous  gel-silica 
window  at  elevated  temperatures  and  with  gases  Impinging  on  it.  Fourth, 
thermal  shock  characterization  of  the  window  is  also  needed. 

A  preliminary  report  of  these  multifunctional  performance  characteristics 
follows.  A  low  pressure  (<700  psi)  test  chamber  was  designed  and  built  to 
quantify  the  rate  of  gas  transpiration  through  the  porous  optical  windows. 
The  results  are  shown  in  Figure  8  with  the  flow  rates  of  helium  through 
samples  with  pore  radii  of  1.2nm  and  8.0nra  (processed  to  180*C  and  500*C 
stabilization  temperatures)  measured  as  a  function  of  pressure.  Figure  9 
shows  the  difference  in  flow  between  helium  and  nitrogen  through  the  sample 
with  1.2nm  pores  stabilized  to  180*C.  The  flow  rafe  of  the  He  is  considerably 
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Figure  8.  Helium  transpiration  through  1.2  nm  and  8.0  nm  porous  gel-silica 
windows . 
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Figure  9.  Helium  versus  nitrogen  transpiration  flow  In  a  1.2  nm  pore  size  gel- 
silica  window. 

faster  than  nitrogen  due  to  the  difference  in  size'  and  the  diatomic  nature  of 
nitrogen;  l.e.t  He  a  0.36  nm,  M,  =  0.^*2  nm. 

To  determine  the  effect  of  elevated  temperature  upon  the  UV  transmission 
of  gel-silica,  a  high  temperature  test  apparatus  was  constructed.  Figure  10. 
This  apparatus  includes  a  UV  light  source,  sample  holder  with  thermocouple , 
an  oxygen- acetelyene  torch  heat  source,  and  a  multifunctional  gel-silica 
optical  component  as  a  UV  detector.  This  detector  component  is  described  in 
the  next  section.  Fluorescent  activity  was  observed  in  the  detector  at  T  > 
1000*C  due  to  the  UV  transmission  of  the  window,  absorption  in  the  detector 
and  emission  at  -600run  by  the  wavelength  shifter.  The  upper  limit  of 
temperature  performance  of  the  gel-silica  UV  window  under  transpiration 
cooling  is  presently  unknown  but  is  probably  much  higher  than  can  be  measured 
in  this  experimental  set-up.  Tests  are  underway  and  results  will  be  presented 
at  the  Spring  1990  MRS  meeting. 


‘Sizes  (diameters)  are  approximated  using  twice  the  van  der  Waals  radii 
and  adding  the  N  ■  N  bond  length  for  Nj  (values  taken  from  Huheey  (17]. 


Camera 


Figure  10.  Experimental  setup  for  UV  detection  at  elevated  temperature. 

FAST,  RADIATION- HARD  SCINTILLATING  DETECTOR 

The  physical  features  of  Type  VIA  porous  gel-silica  described  above  are 
attractive  to  use  as  matrices  for  doping  or  impregnation  with  fluors,  non¬ 
linear  optical  polymers  or  compounds,  wavelength  shifters,  or  lasing  dyes. 
The  result  is  a  hybrid  multifunctional  optical  component. 

Table  II  lists  examples  of  some  organic  and  inorganic  compounds  that  have 
been  successfully  impregnated  into  several  Type  VI  gel-silica  samples  (1). 

The  results  described  above  show  that  it  is  possible  to  select  various 
combinations  of  second  phase  loading  which  are  a  function  of  pore  size  and 
total  pore  volume  of  the  porous  optical  matrix.  Previous  studies  |9]  have 
shown  that  physical  properties  such  as  flexural  strength,  compressive 
strength,  elastic  modulus,  coefficient  of  thermal  expansion,  density,  and 
microhardness  are  also  a  function  of  pore  size  and  volume  fraction  of 
porosity.  For  example,  an  800*C  heat  treatment  of  a  1"  diameter  x  1/A"  thick 
plano-plano  Type  VI  gel-silica  blank  with  1.2  nm  pores  produces  an  optically 
transparent  component  that  weighs  A. 02  g,  has  a  117  HV  microhardness,  and  has 
nearly  2500  mJ  surface  area  with  pores  -1.2  nm  radius.  This  component  can 
accept  1.6  cc  of  a  dopant  second  phase  using  various  impregnation  techniques. 
Thus,  AO- 50  volume  percent  of  the  component  can  be  filled  with  a  second  phase. 


Table  II.  Compounds  Impregnated  into  Type  VI  Torous  Gel-Silicas. 


Non-Linear  Optical  Polymers 

-PBT  ( Fhenylenebenzobisthiazole | 

-UNA  (2-Hethyl-A-Nitroanillne) 

Organic  Flours 

-B-FBD(2-A' -t-Butylphenyl) 

5-  (A" -Blphenylyl) -1,3 ,A-Oxadiazole ) 
-P-TP  (p-Terphenyl J 
-P-QP  ( P-Quarterphenyl ) 


Transition  Metals 

-  Cu 

-  Nl 

-  Cr 

-  Ce 

-  Ag 

-  Fe 

-  Co 


Wavelength  Shifter  Rare-Earths  (Lanthanides) 

-3-HF  (Hydroxyf lavone |  -  Nd 

-  Er 

Las&t-Dy.? 

•Rhodamlne  6G 


If  a  harder  and  stronger  component  Is  desired,  a  900'C  heat  treatment  can 
be  used  although  die  amount  of  dopant  phase  is  reduced  to  1.31  cc . 

The  Type  VI  gel-silicas  with  larger  pore  sizes  described  above  make  it 
possible  to  impregnate  the  component  with  higher  molecular  weight  polymers. 
The  same  800’C  treatment  of  a  1"  diameter  x  1/6”  thick  sample  with  8.0nm  pores 
produces  an  optical  component  that  weighs  1.98  g,  has  a  18  MV  microhardness, 
and  has  nearly  583  mJ  surface  area  with  pores  -  8.0  nm  radius.  This  component 
can  accept  2.36  cc  of  a  dopant  second  phase  in  its  70-75  volume  percent 
porosity.  Differences  between  a  gel-silica  matrix  with  1.2  nm  pores  versus 
matrix  with  8.0  nm  are  tabulated  in  Table  III.  These  differences  are  large 
and  provide  a  wide  range  of  textural  features  for  use  in  tailoring 
multifunctional  optics. 

For  example,  consider  the  fast  radiation  hard  scintillator  developed  bv 
Hogues,  et  a  1 .  ( 1 3  |  .  They  utilized  a  Type  VI  gel-silica  matrix  with  a  1 . 2 nm 
average  pore  radius  and  0.35  volume  fraction  porosity  as  a  host  matrix  for 
organic  fluors  to  produce  a  fast,  radiation  hard  scintillaton  detector.  The 
silica  matrix  provides  high  radiation  resistance  compared  to  the  organic 
plastic  scintillators  [13]  and  the  organic  fluor  provides  fast  scintillation 
response.  Both  properties  are  advantageous  for  high-speed  counting  necessary 
in  high-energy  physics  applications.  The  primary  fluors  used  by  Nogues ,  B- 
PBD,  P-TF  &  P-QF  (Table  II)  have  good  radiation  resistance  and  short  decav 
times  of  a  few  nanoseconds ,  but  the  fluorescence  spectra  typically  peaks  at 
wavelengths  below  600  nm ,  making  it  difficult  to  measure.  To  overcome  this 
problem  Nogues.  et  al.  (13)  used  another  fluor  termed  a  wavelength  shifter 
(ULF)  (ULS)  3-HF  (Table  II)  which  absorbs  the  <  600  nm  radiation  of  the 
primary  fluor  and  re-emits  in  wavelengths  of  a  500-600  nm.  These  wavelengths 
are  advantageous  as  they  are  less  absorbing  in  glass  than  the  shorter 
wavelengths  and  also  result  in  higher  quantum  efficiency  for  silicon 
photodiodes.  When  analyzed  for  scintillation  efficiency  with  a-,  13- ,  and  7- 
ray  sources,  the  light  output  was  reported  to  be  only  6-7  times  lower  than 
the  much  more  highly  developed  plastic  scintillator  [13],  The  7-radlation 
resistance  of  the  silica  matrix  was  many  times  greater  than  the  organics. 
These  are  very  encouraging  results  for  the  first  generation  of  multifunctional 
optical  components. 

This  same  type  detector  with  the  3-HF  fluor  dopant  was  supplied  by  Nogues 
for  use  as  the  WLS/detector  shown  in  Figure  10  and  was  used  for  the  high- 
temperature  UV  transmission  test  in  the  above  mentioned  transpiration  study. 
A  source  emitting  365  nm  radiation  passes  through  the  heated  porous  window 
being  tested  for  transmission  and  is  absorbed  and  re-emitted  by  the  detector 
as  visible  green  -»  yellow-green  light  from  the  ULS/detector .  Thus,  a 
qualitative  and  visual  method  for  testing  high  temperature  UV  transmission 
through  a  porous  silica  matrix  was  achieved. 


Table  III.  Property  Comparisons  Between  800*C  Meat  Tested  Samples 
of  1.2  nm  and  8.0  nm  Average  Pore  Radius. 


Prppep.ty 

1.2  nm 

8 .0  nm 

Bulk  Density  (g/cc) 

1.25 

0.62 

Surface  Area  per  Unit  Volume  (cm1) 

7.63  x  10* 

1.81  x  10' 

Volume  fraction  Porosity 

0... 

0.73 

Vickers  Hardness  Number 

117.3 

16.8 

CH--CH--OH 

N-CH»-CH>-OH 


2.2  .2 '•.2  ".2'  ".2 . ,2 . .2 . -ttPYRIMIDI 

|4, S-gi-PTERIDINE- 2.^.7, 9- TETRAYDTET  RA¬ 
NI  TRlLOIOCTAETHANOL 


Figure  11.  Fluors  of  different  size  requiring  different  pore  size  matrices. 


Organic  fluors  and  dopants  come  in  various  sizes,  many  much  larger  than 
the  3-HF  fluor  used  by  Nogues  (Figure  11).  The  octaethanol  fluor  exhibits 
strong  excitation  (absorption)  bands  peaking  at  315  and  520  nm  while  its 
emission  peak  is  shifted  to  590  nm  (up  85  nm  from  3-HF  which  is  535  nm  max). 
The  strong  315  nm  excitation  and  590  nm  emission  band  make  it  better  suited 
for  a  high  temperature  UV  transmission  detector,  provided  one  adds  an  optical 
filter  to  eliminate  the  oxy-acetyiene  flame  effect  on  this  fluor.  With  the 
larger  (l.e.,  8.0  nm)  Type  VI  matrix  it  is  feasible  to  use  this  larger  organic 
molecule  which  do  not  fit  in  the  1.2  nm  pore  size  matrix,  or  to  have  a  much 
larger  volume  fraction  of  dopant  (Table  111). 
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Abstract.  Measurements  of  laser-relevant  properties  of  neodymium  doped  sol-gel 
derived  silica  hosts  are  described.  Samples  with  Nd  as  the  only  dopant  reveal 
anomalously  short  fluorescence  lifetimes  characteristic  of  concentration  quenching, 
tem  measurements  revealing  clumping  of  the  neodymium.  Co-doping  with 
aluminium  allows  better  dispersion  of  the  neodymium  throughout  the  gel-silica 
matrix,  but  fluorescence  lifetimes  and  efficiencies  are  still  lower  than  expected. 
Phonon  quenching  by  residual  OH"  ions  is  suspected,  absorption,  ftir  and  Raman 
spectroscopy  being  used  to  support  this  theory. 


1.  Introduction  pump  energies  needed.  Initial  experiments  in  this  study 

have  therefore  concentrated  on  measuring  the  fluor- 
The  ability  to  dope  sol-gel  derived  silica  hosts  with  escence  lifetimes,  linewidths  and  efficiencies  of  vari- 
controlled  amounts  of  a  lasing  species  affords  the  possi-  ouslv  doped  gel-silica  samples. 

bility  of  developing  a  new  generation  of  advanced  tun-  The  samples  themselves  were  manufactured  by  Gel- 

able  solid  state  lasers.  Such  lasers,  as  well  as  possessing  tech  Inc.,  Florida,  USA  and  generally  took  the  form 

the  limited  tunability  common  to  all  glass  lasers,  can  of  small  discs  or  cylindrical  rods.  Neodymium  was  the 

also  take  advantage  of  the  superior  physical  properties  obvious  lasing  element  to  investigate  first,  the  pre- 

of  sol-gel  derived  silica.  These  properties  include:  low  ponderance  of  Nd-glass  laser  systems  testifying  to  its 

non-linear  refractive  index  coefficient;  low  strain  superior  lasing  qualities.  The  well  known  4F3/2--*  4In/: 

birefringence;  coefficient  of  thermal  expansion  close  to  transition  at  about  1.06  gm  has  the  highest  gain  and 

zero;  low  temperature  dependence  of  expansion  coef-  typically  has  a  bandwidth  of  =30  nm  in  a  silicate-based 

ficient  and  low  impurity  levels.  glass  (Levine  1968).  It  therefore  represents  the  best 

As  a  first  step  towards  the  construction  of  a  working  chance  of  obtaining  tunable  operation  of  this  new  class 
laser  it  is  necessary  to  investigate  the  laser-relevant  of  solid  state  glass  lasers.  Dopants  of  possible  future 

properties  of  the  doped  sol-gel  derived  silica  hosts  of  interest  will  include  other  rare  earths,  such  as  erbium 

interest.  These  properties  are  indicated  by  the  equation  and  holmium,  and  various  transition  metals,  par- 
for  the  population  inversion  density  required  for  lasing  ticuiarly  chromium, 
threshold  (Yariv  1976) 

,,  „  ,,  Snn^rAv 

N2  -  A,  =  yv,  =  -2 —  2.  Experimental  method 

where  t  is  the  spontaneous  lifetime  of  the  upper  lasing  A  standard  pulsed  excitation  and  wavelength-selective 

level,  Au  is  the  linewidth  of  the  transition  and  tc  is  temporal  observation  technique  was  employed  con- 

the  loss-dependent  cavity  lifetime.  To  reach  threshold  sisting  of  a  flashlamp-pumped  dye  laser  (fpdl),  sample, 

easily,  therefore,  one  requires  low  losses,  narrow  line-  monochromator,  filter,  pmt  and  storage  oscilloscope, 

width  and  short  lifetimes.  For  tunability,  however,  the  Neodymium  has  a  convenient  absorption  at  585  nm,  a 

linewidth  needs  to  be  large.  Thus,  one  needs  low  losses  wavelength  easily  accessed  by  a  fpdl  operating  on  the 

and  short  lifetimes.  It  is  crucially  important,  however,  dye  Rh6G.  200  mJ  pulses  could  be  obtained  with  dura- 

that  the  effective  lifetime  is  the  spontaneous  lifetime  tions  of  ~2jrs  fwhm,  much  shorter  than  the  expected 

and  not  a  much  shorter  lifetime  resulting  from  non-  fluorescence  lifetimes.  A  pmt  with  an  SI  photocathode 

radiative  quenching  processes  which  drastically  reduce  was  used  to  detect  fluorescence  at  about  1.06  fim. 

the  fluorescence  efficiency  and  thereby  increase  the  as  well  as  fluorescence  at  about  900  nm  from  the 


Figure  1.  Temporal  profiles  of  the  1.06  fluorescence 
from  5  wt%  Nd203  doped  gel-silica  samples  densified  to 
different  temperatures. 


Figure  2.  Fluorescence  intensity  against  wavelength  for 
5  wt%  Nd203  doped  gel-silica  samples  densified  to 
different  temperatures. 


3/2  “ *  ■%/:  transition.  Standard  laboratory  spectro¬ 
meters  were  used  for  absorption  and  ftir  measure¬ 
ments.  Raman  spectra  were  taken  using  an  argon  ion 
laser,  double  monochromator,  cooled  PMT  and  dedi¬ 
cated  computer  set-up. 

3.  Results  and  discussion 

Initial  results  on  samples  doped  only  with  various  con¬ 
centrations  of  neodymium  gave  surprisingly  short  life¬ 
times  and  low  (qualitatively  estimated)  fluorescence 
efficiencies.  Figure  1  shows  the  results  for  a  batch  of 
5wt%  Nd203  doped  samples  densified  to  various  tem¬ 
peratures.  (Fully  densified,  non-porous  gel-silica  is 
obtained  at  a  densification  temperature  of  —1200  °C.) 
Note  that  all  the  lifetimes  are  less  than  10  ps,  in  stark 
contrast  to  expected  values  of  200-800  p s  (Yariv  1976). 
Figure  2,  however,  shows  that  the  linewidths  are  com¬ 
parable  to  those  for  conventional  laser  glasses.  Fuller 
densification  appears  to  favour  the  fluorescence 


Figure  3.  Transmission  micrograph  of  a  5  wt%  Nd203 
doped  gel-silica  sample. 


Figure  4.  sem-edax  analysis  of  a  5  wt%  Nd203  doped  gel- 
silica  sample  from  a  region  containing  a  clump  (full  curve) 
and  a  region  not  containing  any  clumps  (broken  curve). 


efficiency  and  increase  the  tuning  range,  also  shifting 
the  peak  to  longer  wavelengths.  Similar  results  are 
obtained  for  the  fluorescence  band  around  900  nm, 
which,  since  it  emanates  from  the  same  4FV2  lasing 
level,  lends  weight  to  the  theory  that  this  level  is  being 
seriously  quenched.  Concentration  quenching  is  known 
to  be  a  problem  with  Nd  doping  (Peterson  and  Bri- 
denbaugh  1964)  and  clumping  or  clustering  is  known 
to  be  a  problem  with  rare  earth  doping  of  pure  silica 
(Arai  et  al  1986).  The  two  effects  combined  could 
explain  the  short  lifetimes  in  gel-silica  samples  even 
though  their  overall  doping  levels  are  below  those 
where  the  effect  should  be  observable. 

Figure  3  shows  a  transmission  micrograph  of  a 
5wt%  NdjOj  doped  sample.  Clumps  with  dimensions 
of  the  order  of  100  nm  are  clearly  visible.  A  greater 
magnification  still  shows  structure  within  a  single  clump 
and  electron  diffraction  traces  show  rings,  again  indica¬ 
tive  of  structure  within  the  clumps.  That  all  the  neo¬ 
dymium  is  contained  within  the  clumps  is  confirmed  by 
sem-edax  measurements  performed  on  a  region  of  the 
sample  containing  a  clump  and  one  without.  The 
results  are  shown  in  figure  4  and  .reveal  an  Nd  signal 
from  the  dump-containing  region  only. 


Figure  5.  Temporal  profiles  of  the  1.06  jim  fluorescence  sample  GT-06. 

from  various  gel-silica  samples  co-doped  with  Nd  and  Al. 


Clearly  the  Nd  ions  are  not  being  dispersed 
adequately  throughout  the  gel-silica  matrix.  With  con¬ 
ventional  silica  the  solution  was  to  co-dope  with  a  glass 
modifier  such  as  aluminium  or  phosphorus.  Aluminium 
lends  itself  well  to  the  sol-gel  process  and  so  the  same 
lifetime,  linewidth  and  fluorescence  efficiency  studies 
were  performed  on  a  new  batch  of  samples  which  were 
co-doped  with  Nd  and  AI.  the  concentrations  being 
determined  by  sem-edax  measurements. 

Figure  5  shows  the  lifetime  results  for  fluorescence 
at  around  1.06  nm.  The  concentrations  of  dopants  were 
(wt%  of  oxides);  GT-04  (3.5%  Nd:5.0%  Al),  GT-06 
(1.5%  Nd:7.0%  Al).  GT-07  (3.5%  Nd:7.4%  Al)  and 
GT-08  (4.6%  Nd:7.1%  Al).  The  lifetimes  are  now 
much  longer,  although  the  temporal  profiles  appear  to 
consist  of  the  same  initial  rapid  decay  seen  in  the 
samples  doped  only  with  Nd  followed  by  a  more  long- 
lived  decay.  This  is  except  for  sample  GT-06  which 
does  not  appear  to  have  the  initial  decay,  and  has,  in 
fact,  got  a  longer  final  decay  than  the  other  samples 
(>100^s).  Note  also  that  this  sample  has  the  highest 
Al/Nd  dopant  ratio  of  those  shown,  these  results  and 
others  indicating  that  a  dopant  ratio  AI/Nd  &  5  is 
required.  A  similar  result  was  obtained  by  Arai  et  al 
(1986)  for  the  co-doping  of  conventional  silica.  It 
appears,  therefore,  that  co-doping  with  a  glass  modifier 
can  overcome  the  clumping  and  consequent  con¬ 
centration  quenching  problem  in  sol-gel  derived  silica. 
This  result  is  verified  by  the  fact  that  fluorescence 
efficiencies  are  greatly  improved.  Conclusive  proof  is 
given,  however,  by  the  transmission  micrographs  of 
sample  GT-06  shown  in  figure  6.  The  clumps  (dark 
patches  in  figure  3)  have  clearly  disappeared,  being 
replaced,  in  this  case,  by  white  patches.  These  patches 
represent  holes  in  the  matrix  caused  by  bloating  in  the 
as  yet  unperfected  densification  process  for  co-doped 
samples,  sem-edax  measurements  performed  any¬ 
where  on  the  sample  give  the  same  Nd  signal,  a  result 
again  indicative  of  good  dispersion  throughout  the 
matrix. 


Although  much  improved,  however,  the  linewidths 
are  still  not  as  long  as  expected  and  the  fluorescence 
efficiencies  are  still  not  as  high  as  those  for  samples  of 
conventional  silicate  laser  glasses.  (The  linewidths  are. 
however,  comparable.)  An  additional  quenching  pro¬ 
cess  is  suspected,  the  nature  of  the  sol-gel  process 
leading  credence  to  the  theory  that  phonon  quenching 
due  to  residual  OH-  ion  content  is  a  likely  candidate. 
This  has  been  identified  as  a  problem  in  other  laser 
glasses  by.  for  example,  Bondarenko  et  al  (1976), 
where  the  effect  can  be  quite  large.  As  an  example. 
Bondarenko  et  al  derive  an  equation  for  a  phosphate 
glass 

1/r  =  3.3  x  10'  +  2.2  x  10 2 a 

where  r  is  the  upper  lasing  level  lifetime  and  a  (cm-1) 
is  the  absorption  coefficient  at  2.85  jim  (i.e.  the  fun¬ 
damental  absorption  band  of  OH).  If  our  sol-gel 
derived  silicate  glasses  are  anything  like  this  example 
then  the  lifetime  is  being  reduced  if  the  transmission 
through  a  typical  5  mm  thick  sample  falls  below  —50% 
at  2.85  /tm.  Incomplete  densification  and  an  unper¬ 
fected  dehydration  technique  for  co-doped  samples 
results  in  a  large  residual  OH-  ion  content,  as  the 
absorption  profiles  of  figure  7  reveal  for  the  GT  series 
of  co-doped  samples.  None  of  these  samples  reveal  any 
transmission  at  all  at  2.85  ftm.  and  so  some  quenching 
effect  is  not  unexpected.  Complete  removal  of  OH~ 
ions  would  mean,  for  example,  that  the  trace  for  GT- 
04  would  be  level  right  out  to  3300  nm,  showing  no 
troughs  at  the  OH  absorptions  of  about  2700,  2200. 
1900  and  1380  nm.  This  has  been  achieved  for  undoped 
sol-gel  derived  silicas,  but  the  presence  of  dopants 
makes  the  process  more  difficult.  Another  mani¬ 
festation  of  this  difficulty  is  the  falling  off  in  the  trans¬ 
mission  of  some  of  the  samples  in  figure  7  as  one  goes 
to  shorter  wavelengths.  This  is  caused  by  scattering 
from  the  small  fids  in  the  matrix  caused  by  bloating 
during  the  densification  process,  an  effect  which  also 
gives  the  samples  a  slight  milky  appearance. 


100 


500  1000  1500  2000  2500 


Wavelength  inmj 

Figure  7.  Absorption  spectrometry  traces  of  various  gel- 
silica  samples  co-doped  with  Nd  and  Al. 
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Figure  8.  Raman  spectra  of  partially  densified  undoped 
gel-silica  (full  curve)  and  fully  densified  and  dehydrolysed 
undoped  get-silica  (broken  cun/e). 


ftir  spectroscopy,  scanning  the  wavelength  range 
2.5-25  pm.  also  reveals  the  'wetness'  of  all  the  doped 
samples  tested  to  date,  as  does  Raman  spectroscopy. 
Using  the  experimental  arrangement  already 
described.  Raman  spectra  such  as  those  shown  in  figure 
8  are  obtained  for  an  undoped,  partially  densified 
sample  and  an  undoped,  fully  densified  and  dehydrated 
sample.  These  spectra  are  essentially  the  same  as  those 
obtained  by  Stolen  and  Walrafen  (1976)  for  con¬ 
ventionally  produced  silica.  Particular  points  to  note 
are  the  peak  at  about  970  cm'1  in  the  partially  densified 
sample — a  peak  which  Stolen  and  Walrafen  attribute 
to  the  Si-(OH)  vibration — and  the  relatively  larger 
sizes  of  the  defect  peaks  at  about  490  and  604  cm  ', 
again  in  the  partially  densified  sample.  Raman  spectra 


from  all  the  co-doped  samples  slum  various  levels  ol 
fluorescence  signal  which  either  totally  or  partially 
obscure  the  Raman  signal,  the  effect  appearing  to  be 
in  proportion  to  the  visual  milkiness  of  the  sample. 
The  samples  that  gave  traces  most  like  those  of  figure 
7  were  two  with  Al/Nd  s*  5.  the  defect  peaks  not  being 
present  and  fluorescence  only  starting  at  shifts  creater 
than  about  IHHlcm  '.  Although  little  understood  as 
yet.  it  is  clear  that  Raman  spectroscopy  is  a  powerful 
tool  in  the  investigation  of  the  microstructure  of  doped 
sol-gel  derived  silica  matrices. 

4.  Conclusions 

Initial  measurements  of  the  fluorescence  lifetime  ot  the 
JFi  -  *  "1 1 1  ;  transition  ol  Nd  doped  into  sol-gel  deri\  ed 
silica  found  it  to  be  too  short  and  the  fluorescence 
efficiency  much  too  low.  Both  these  effects  suggested 
concentration  quenching,  n  m  measurements  revealed 
the  expected  clumping  of  the  Nd-O-.  and  we  have 
shown  that  co-doping  with  a  glass  modifier  such  as 
Al  prevents  this  effect  provided  the  dopant  ratio  Al 
Nd  5.  We  show,  however,  that  the  samples  available 
to  date  are  still  too  'wet',  residual  OH  ions  probably 
being  responsible  for  the  still  lower  than  expected  life¬ 
times  and  fluorescence  efficiencies  that  we  are  observ¬ 
ing.  OH-  can  be  successfully  removed  in  undoped 
samples,  however,  and  Geltech  Inc.  are  confident  that 
the  same  will  also  apply  to  co-doped  samples.  When 
this  has  been  achieved,  and  high-optical-quality  rod¬ 
shaped  samples  have  been  manufactured,  it  will  only 
be  a  matter  of  time  before  successful  lasing  action,  with 
limited  tunability.  can  be  reported  for  the  first  time  in 
a  rare-earth  doped  sol-gel  derived  silica  host. 
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Summary 

This  report  deals  with  advances  both  at  a  theoretical  and  experimental 
level  in  the  study  of  intra-cavity  etalons  using  sol-gel  materials,  in  past 
work,  the  etalon  has  been  seen  as  a  device  associated  with  a  one  way  pass  role 
for  light  with  special  reference  to  interferometers.  The  problem  of  what  an 
etalon  does  when  inserted  into  the  optical  cavity  of  a  laser  has  not  been 
thoroughly  addressed.  This  report  reveals  new  work  which  begins  to  tackle  the 
problem  of  'an  etalon  within  an  etalon'  i.e.  the  etalon  within  the  laser  cavity. 
From  these  theoretical  ideas  we  are  building  up  a  series  of  experimental 
measurement  techniques  and  first  results  are  reported. 


t.  Introduction 

In  this  work  programme,  we  see  the  intra-cavity  etalon  as  a  vital  piece 
of  diagnostic  apparatus.  The  reason  is  quite  simple.  In  an  intra-cavity 
situation,  the  multipass  behaviour  of  the  light  provides  an  extremely  sensitive 
diagnostic  of  absorption  losses  and  refractive  Index  performance. 

To  our  knowledge,  this  problem  has  not  been  tackled  before  in  a  rigorous 
fashion;  the  main  reason  being  that  it  is  theoretically  messy.  It  seems  that 
previous  workers  have  assumed  that  an  estimate  of  performance  obtained  by 
measurements  of  transmittance  outside  the  laser  cavity  is  of  sufficient  merit. 
We  feel  that  this  cannot  be  the  case  because  of  the  profound  feedback  that 
occurs  when  the  element  is  placed  within  the  cavity  of  the  laser.  It  was  felt 
wise  to  attempt  some  sort  of  theoretical  discussion  based  upon  a  real  situation 
of  the  etalon  sitting  within  the  cavity  of  the  laser.  We  saw  this  problem  from 
a  start  point  of  a  lossless  resonator  within  a  lossless  resonator.  The 
mathematics  has  turned  out  to  be  messy  but  closable  and  may  now  reveal 
important  new  performance 


criteria.  Thus  it  is  our  aim  to  specify  new  theoretical  criteria  which  are  a 
sort  of  hierarchical  form  of  reflectance,  finesse  and  free  spectral  range. 

At  the  practical  end,  we  have  now  established  an  experimental 
system  for  measurement  of  the  etalon's  parameters.  This  includes  an 
accurate  oven  control  system  to  permit  a  sweeping  of  the  oven 
temperatures  and  hence  a  control  of  the  etalon's  thickness.  We  have  also 
installed  a  spectrum  analyser  to  examine  the  mode  structure  of  the  laser 
output.  At  present,  this  analyser  will  not  allow  us  to  study  the  profile  of  an 
individual  laser  mode  but  we  shall  add  a  new  piece  of  equipment  at  the  next 
round  of  funding  that  will  make  such  a  measurement  feasible.  This  extra 
equipment,  a  further  swept  spectrum  analyser,  will  be  able  to  resolve  the 
mode  profile  of  a  single  cavity  mode. 


2.  Theoretical  Developments 

We  have  examined  a  model  of  the  etalon  within  the  laser  cavity  as 
shown  below: 
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Figure  1.  Showing  the  basic  resonator  model. 

The  model  is  simplified  by  making  both  mirrors  perfectly  reflecting  and 
considering  a  self  consistent  phase  shift  for  the  round  trip  excursion  of  the 
light. 

The  characterisation  of  the  etalon  is  now  achieved  by  conventional 
wisdom  as  follows: 
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Amplitude  reflectance  at  the  surfaces,  r  from  without 
and  r‘  from  within. 


Figure  2.  Model  for  multiple  internal  reflection  in  etalon. 

We  can  thus  evaluate  the  performance  to  give  a  net  amplitude 
reflectance. 


r  [  1  -  exp(2ik  d)  3 

p  = - m —  (2.1) 

1  -  r'2  exp(2ik  d) 

m 

where  k  =  —  and  X  is  the  wavelength  in  air. 
m  X  a 

a 

The  net  amplitude  transmittance  is 


tt‘exp(ik  d) 

m 

1  -  r'2  exp(2ik  d) 

m 


(2.2) 


where  t,  t'  are  the  amplitude  transmittances  at  the  individual  surfaces  seen 
from  without  and  within. 

We  note  that  if  A,  is  the  amplitude  of  an  incident  beam,  Ajj  is  the 
total  transmitted  amplitude  and  Art  Is  the  total  reflected  amplitude  then  by 
energy  conservation  we  must  have 

lA.P-lAnP‘  IArtP 


(2.3) 


But  since  An  =  iAj;  and  Arj  *  pAj  then. we  need 


1  =  h  I2  +  Ip  I2  (2  4) 

which  follows  easily  from  our  earlier  definitions  of  p  and i. 

The  parameters  p  and  i  are  of  course  well  understood  and  the 
conservation  of  energy  reflected  in  equation  (2.4)  is  an  essential  ingredient 
of  physical  correctness. 

To  take  the  next  step  towards  understanding  the  problem  of  the 
etalon  within  the  resonator,  we  take  a  new  look  a~t  the  overall  optical 
problem.  If  a  single  ray  of  light  is  incident  on  the  etalon  from  the  left  as 
below: 
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Figure  3.  Simplified  model  of  etalon.  The  amplitude  values  are 
assigned  at  the  etalon  surface. 

we  can  assign  to  this  etalon  the  complex  reflectance  and  transmittance  p 
and  t.  Such  a  ray  will  in  part  reflect  off  the  etalon  and  in  part  transmit 
through  it.  Thus  the  physical  model  can  be  reduced  to  a  pair  of  oppositely 
travelling  wavefronts  In  the  three  spaces,  mirror  I  -*  etalon,  within  the 
etalon  and  etalon  -♦  mirror  2.  For  physical  correctness,  we  must  expect  the 
behaviour  in  the  two  cavities  external  to  the  etalon  to  be  similar.  This 
symmetry  condition  must  emerge  from  the  theory. 


Now  let  us  consider  the  problem  below: 
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Figure  4  Transmitted  amplitude  allowing  for  multiple 
internal  reflection  outside  etalon. 

We  sum  the  total  amplitude  of  light  incident  on  the  right  hand  face  of 
the  etalon  after  reflection  off  the  mirror.  Then  allowing  for  a  phase  shift 
9r  on  reflection  at  the  mirror  and  allowing  for  the  distance  factor  d1,  we 
have  a  set  of  right  to  left  travelling  components  at  the  right  hand  face  of 
the  etalon  as  follows: 

A.  t  exp(  1<pr)  exp(2ikd')  ♦  A.  tp  exp(2i<pp)  exp(4ikd') 

♦  A  Tp2  exp(3i<pp)  exp(6ikd‘)  ♦  etc. 

This  gives  the  total  right  to  left  amplitude  of  the  right  hand  face  of  the 
etalon  in  the  form 

A.  t  exp(2ikd'  +  1?r) 

I  -  p  exp(2ikd'  ♦  l9p) 

which  then  yields  a  transmitted  amplitude  at  the  left  of  the  etalon  In  the 
form 

A.  t2  exp(21kd‘  ♦  l9p) 

I  -  p  exp(2ikd' ♦  i9p) 


For  this  to  travel  on  and  matcn  tne  input  amplitude  (left  to  right)  at  the 
etalon,  we  then  need  a  further  reflectance  phase  shift  and  distance  phase 
shift  i.e.  we  must  have 


A.  i2  exp(2ikd'  ♦  io  )  exp(2ikd" ♦  ip  ) 

A.  =  — - r. - II.  (2.5) 

1  1  -  p  exp(2ikd'  ♦  ip) 


where  we  assume  that  each  mirror  generates  the  same  phase  shift  pr. 
Equation  (2.5)  is  the  controlling  equation  for  the  problem  and  it  should  state 
conservation  of  phase  in  simplistic  cases.  Let  us  now  set  the  etalon 
thickness  so  that  p  =  0  and  t  - !  and  equation  (2.5)  yields  the  condition 

exp(2ikd'  *  2ipr  ♦  2ikd")  ■  1  (2.6) 


We  recognise  this  as  the  round  trip  phase  condition  for  a  resonator. 
Evidently,  the  effect  of  the  etalon  is  not  seen  in  this  condition. 

The  complexity  of  (2.5)  is  an  obvious  result  of  the  fact  that  the 
influence  of  the  etalon  when  placed  within  the  cavity  formed  by  the  two 
mirrors  is  dependent  on  the  mirror  separation  and  Is  linked  with  the  etalon’s 
thickness  d  by  the  conservation  condition. 


d’  ♦  d"  ♦  d  -  const.  =  dQ  (2.7) 

where  do  is  the  effective  resonator  length. 

Thus  before  we  analyse  the  situation  in  terms  of  behaviour  with  d 
variable,  we  need  to  specify  how  the  etalon  behaves  in  a  very  tight  way. 

The  framework  of  the  theoretical  problem  is  now  well  defined  but 
there  are  further  subtleties  of  these  experiments  which  are  not  normally 
encountered. 

We  can  effectively  write  the  refractive  Index  n  in  the  form 


wTicTc  i  id  bume  luncuon  or  tne  sum  or  species  or  molecules  eacn  with  a 
numDer  density  N,  and  polarizability  a,  For  example  in  the  formula  of 
Lorenz  and  Lorentz,  we  write 


(2.9) 


which  is  clearly  highly  non-linear.  For  the  purposes  of  our  work,  we  see 
that  the  phase  shift  kmd  is  in  fact  2nn  d/X8  where  Xa  is  the  wavelength  in 
air.  The  question  to  be  answered  in  how  does  nd  vary  as  d  varies?  We  note 
that  strictly,  if  d  changes  and  matter  is  conserved  then  to  a  first 
approximation,  we  shall  have 


d  2  N  =  Const.  (2.10) 

i 

This  can  be  simplified  for  a  single  species  to  state  that 

pd  =  Const.  (2.11) 

where  p  is  the  material  density. 

We  normally  tacitly  assume  that  n  and  p  are  linearly  related. 
Certainly  if  a  relationship  of  the  Lorentz  Lorenz  form  applies  then  this  is 
patently  not  true.  Our  task  must  be  to  consider  carefully  the  role  of  the 
expansion  process  in  terms  of  whether  nd  remains  constant.  For  example  if 
we  could  write 

n  -  1  ♦  g(]£  N^) 

i 

where  g  is  an  appropriate  function,  then  since  matter  is  conserved,  it  looks 
as  though  nd  *  d  *  constant.  Thus  the  expansion  of  the  etalon  mirrors 
affects  the  result  by  the  movement  of  its  boundaries  as  if  it  contains  air. 
These  effects  which  clearly  stem  from  the  Clausius  Mosotti  relationship  of 
solid-state  physics  are  as  yet  not  understood  in  terms  of  experimental 


reality.  The  etalon  and  its  diagnostic  anility  probably  provides  some  of  the 
most  sensitive  methods  of  fully  understanding  the  minutiae  of  solid  state 
behaviour  of  the  amorphous  gel-silica  products. 


To  round  off  our  discussion  of  theoretical  matters,  we  return  to 
equation  (2.5)  which  we  have  demonstrated  as  an  equation  Illustrating  a 
round  trip  phase  condition  when  the  etalon  is  so  matched  that  Its  presence 
is  lossless. 


We  have  to  ask  what  happens  when  the  condition  p  *  0,  i  =  1  is  not 
satisfied.  Under  such  conditions,  the  mismatched  resonator  problem  causes 
the  level  of  energy  inside  the  etalon  to  rise  above  that  outside.  The  ratio 
of  amplitudes  within  and  without  the  etalon  has  been  calculated  and  this 
leads  to  a  new  cautionary  tale  vis  a  vis  the  simplistic  understanding  of 
intra-cavity  etalon  performance. 

As  the  etalon  is  tuned  off  the  optimum  transmission  condition  (t  =  I ) 
the  amplitude  within  the  etalon  rises  with  respect  to  that  outside  the 
etalon.  Further  theoretical  work  has  established  that  for  an  etalon  of  20% 
intensity  reflectance  at  each  face  a  ratio  of  intensities  of  some  8  x  can  be 
obtained.  This  leads  to  a  new  consideration  of  thermal  stability  of  the 
etalon  performance. 


Consider  the  model  below: 
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Figure  5.  Localisation  of  Intense  intra-cavity  light  can  cause 
local  changes  of  etalon  thickness. 

In  an  extra-cavity  situation  the  etalon  experiences  a  beam  power 
limited  by  that  of  the  laser  output  (e.g.  1  Watt  total  beam  power)  but 
because  of  the  mismatch  situation  with  respect  to  the  surrounding  free 
space  a  trapped  resonator  pattern  is  created  within  the  etalon,  thus  pushing 
up  the  local  power  density. 


in  an  Intra-cavity  situation  the  beam  power  may  be  some  100  x  the 
emergent  power  and  furthermore,  the  trapped  resonator  effect  provides 
close  to  a  further  order  of  intensity  magnitude.  If  we  assign  a  notional  1/e2 
beam  diameter  of  say  0.8  mm  (a  common  value)  then  we  have  an  approximate 
power  density  approaching  200,000  Watts/cm2- 

It  is  our  impression  that  local  heating  effects  can  occur  thus 
altering  the  effective  path  length  of  the  sample  In  the  z  direction. 

Even  very  small  levels  of  absorptance  may  be  a  problem  because  of 
the  low  level  of  thermal  conductivity  of  the  silica  matrix.  New  modelling  is 
now  taking  place  to  assess  the  Importance  of  the  phenomenon  but 
undoubtedly  we  need  to  be  extremely  careful  about  any  form  of  absorptance 
from  whatever  origin. 


3.  Experimental  Progress 

Experimental  work  has  been  divided  into  two  areas;  out-of-cavity 
measurements  of  the  physical  properties  of  the  etalon  material  and  an 
examination  of  the  performance  of  etalons  of  various  types  in  a  laser  cavity. 

Let  us  firstly  consider  the  out  of  cavity  measurement  of  etalon 
performance.  We  have  undertaken  two  types  of  measurement  as  follows: 

(a)  The  measurement  of  optical  path  changes  In  an  etalon  under 
conditions  of  thermal  expansion. 

In  this  case  the  light  from  the  laser  is  incident  on  the  etalon  plate 
which  itself  is  housed  in  an  oven.  The  oven  is  controlled  by  a  12  bit  digital 
controller  wfth  an  accurate  platinum  resistance  sensor.  The  accuracy  of 
control  and  readout  is  better  than  0. 1°  C.  „  - 


Figure  6.  Schematic  of  thermal  ramp  experiment. 


For  an  uncoatefl  dielectric  block  of  thickness  a  and  refractive  index 
n,  the  reflectance  is  given  by  the  ratio  of  reflected  to  incident  intensity. 


i.  F  ^ 1 

!i  l  ♦  F  sin2(^) 


(3.1) 


where  for  a  head  on  beam 
A  _  4nnd 

♦  T 

a 

where  Aa  is  the  wavelength  in  air  and  $  is  the  double  pass  phase  shift  factor 
and 


F  =  — — —  (3.2) 

(1  -R)2 

where  R  is  the  intensity  reflectance  at  each  etalon  face.  For  an  uncoated 
dielectric  sample,  R  =  [(n  -  1  )/(n  ♦  1  )]2. 

If  n  is  changed  then  the  most  sensitive  effect  is  on  the  phase  factor 
$  due  to  the  presence  of  the  large  numerical  contribution  from  1Aa. 
Likewise  changes  of  d  affect  the  phase  factor  with  high  sensitivity. 

We  note  that  as  we  change  the  temperature  then  d  and  hence  n 
change.  However,  the  reflectance  of  the  etalon  peaks  where  $/2  «  n/2,  3n/2, 
5n/2  etc. 

We  may  write 

a.  4nnd 
V  “T 


(3.3) 


ana  hence 


(nAd  ♦  dAn) 


(3.4) 


where  A  stands  for  an  increment.  Hence  as  the  temperature  of  the  etalon 
changes,  we  shall  observe  that 


Afc  =  4a(nM  +  (JAQ)  (3.5) 

At  X  At  At 

9 


where  At  Is  the  temperature  increment. 
We  may  write  this  in  the  form 


A$  _  _4rtr^i  Ad  l  An\ 
At  “  X4»  'd  At  +  n  At ' 


and  we  note  that 


d  At 

where  a  is  the  thermal  expansion  coefficient. 

Experimentally,  we  observe  the  values  of  t  at  which  the  reflectance 
maximises  and  note  the  temperature  increment  between  these  conditions.  A 
typical  graphical  output  of  the  experiment  is  shown  in  Figure 7.  The  linear 
temperature  ramp  Is  plotted  simultaneously  with  the  reflected  Intensity 
from  the  surface  of  the  etalon. 
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Figure  7.  Typical  plot  of  reflected  Intensity  against  temperature. 


A  careful  study  of  the  linearity  of  the  system  and  repeatability  on 
reversal  of  the  temperature  cycle  gives  a  confident  feeling  for  the  accuracy 
of  the  measured  results.  For  example  for  an  etalon  with  the  following 
characteristics 


d  =  10.18  mm 
a  =  5.5  x  10-6/oc 
n  *  1.46 

We  observe  a  value  of  At  *  2.5°C  for  a  phase  increment  A$  of  2n.  This  gives  a 
clear  indication  of  the  dominance  of  the  factor  An/nAt  in  the  phase 
increment  equation. 


If  we  define  the  quantity 


P--  —  (3.8) 

n  At 

we  call  p  the  thermal  dispersion;  it  is  the  fractional  rate  of  change  of 
refractive  index  with  temperature.  We  expect  this  fractional  change  to  be 
caused  by  the  expansion  effect  but  the  true  interaction  of  expansion  and 
change  of  refractive  index  is  complex. 

Let  us  take  the  example  of  a  lorentz-Lorenz  model  for  the  refractive 
index  e.g. 


(3.9) 
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where  N  is  the  concentration  of  the  molecular  space  whose  polarizability  is 
a.  Let  us  furthermore  suppose  that 

ftNd-  constant  h-  cross  jec-K*v%  (3.10) 

l.e.  assume  that  matter  is  simply  conserved.  To  avoid  tedious  repetition  of 
constants,  let  us  define 


x  *  —  Na 


(3.11) 


Now  let  us  consider  relevant  Increments  as  follows: 


2nAn  -  a[  -  ■< 1  '■ZxX-.ax)  .  _34>L_  (yi2) 


1  '  x  J  1  '  x  ( 1  -  x)2  ( 1  -  x)2 


Now  since 


2  , 

. ,  -  n  -  1 

n2  4  2 


(3.13) 


we  have 


2nAn  = 


3x  AN  .  (n2-  1)(n2  4  2)  AN 


^  (3.14) 


(1  -x)" 


1  .  (n2-  1)(n2  4  2)  AN 
n  6n2  N 


(3.15) 


Evidently,  from  (3  10)  we  also  have 


AN  _  .sAd 
N  "  d 


(3.16) 


so  that  a  Lorentz-Lorenz  model  coupled  with  conservation  of  matter  implies 
that 


p-i  ^ 

n  At 


[n2-  1  )(n2  +  2)  Ad 


(3.17) 


-  \*U 


(3.18) 


for  a  refractive  index  n  =  J.46. 

Such  a  model  indicates  that  the  thermal  dispersion  should  be  S\rrular 
the  thermal  expansion  effect  in  its  Influence  on  nd.  In  practice,  the 
converse  Is  true  and  It  is  felt  that  the  relationship  between  a  and 
p  should  give  a  powerful  Insight  into  the  structure  of  the  optical 
material  of  the  etalon. 

The  second  class  of  experiments  which  we  have  attempted  in  the 
area  of  phase  shift  measurement  consists  of  an  attempt  to  measure  the 
thermal  expansion  directly  using  an  interferometer  thus 

,  •,  ' 

,>  eT*^o<s>  w, 7*  Agr 


o  VChi 
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A  sample  etalon,  measured  as  In  the  previous  geometry  is  first 
metallised  on  both  faces  and  then  Inserted  Into  the  interferometer  above. 

The  role  of  the  interferometer  is  to  cause  the  incoming  beam  to 
divide  into  two  paths  1  and  2.  The  light  travelling  along  path  1  travels 
straight  to  the  diverging  lens  L  whereas  the  light  in  path  2  interrogates 
both  faces  of  the  etalon  before  travelling  to  the  lens.  This  experiment  is 
designed  to  avoid  anomalous  fringe  movement  due  to  translation  of  the 
etalon  along  the  optical  axis.  The  system  is  only  sensitive  to  relative 
movement  of  the  two  faces  of  the  etalon.  Thus  it  yields  a  true  measure  of 
the  expansion  of  the  etalon  material. 

The  fringe  pattern  is  interrogated  by  a  final  photodiode  detector  and 
a  change  Ad  of  the  etalon  thickness  causes  a  phase  change  A$  of  magnitude 
2kAd  where  k  *  2n/Xa.  When  this  phase  change  is  equal  to  2n  the  detector 
sees  the  replacement  of  a  bright  by  a  bright  or  a  black  by  a  black.  Thus  the 
temperature  increment  At  created  by  the  oven  can  be  read  off  and  the 
equation 


2kAd  ■  2n  (3.19) 

used  to  determine  Ad  for  the  given  value  of  At.  Evidently  we  have 

1^  =  1  J.i  (3.20) 

d  At  d  2  At 

which  gives  a  value  for  the  thermal  expansion  coefficient. 

Unlike  the  measurement  of  intensity  reflectance  this  second 
experiment  being  externally  interferometric  is  sensitive  to  path  changes 
outside  the  etalon.  This  leads  to  a  need  for  extreme  rigour  In  the 
performance  of  the  surrounding  optical  apparatus. 

we  have  found  that  the  heating  of  the  etalon  leads  to  air  path 
changes  outside  the  etalon  that  cannot  be  ignored.  To  see  this,  we  note  that 
the  refractive  index  of  air  is  given  by  the  expression 


to  -  1)  p  [1  ♦  p(61.3  -  t) .  10‘10] 
96095.4(1  ♦  0.00366  It] 


n  -  1 


(3.21) 


where  ns  is  a  standard  value  observed  at  t  *  15°C  and  p  *  101325  Pa.  Here  p 
is  the  pressure  which  we  shall  assume  constant  at  a  typical  laboratory 
value  of  1 05  Pa  and  t  is  the  temperature  in  degrees  Centigrade. 

We  can  then  calculate  incremental  changes  thus:  using  (3.21)  with 
p  =  105  Pa  and  t  *  20°C,  we  have  the  result 

An  =  -9.246. 1 0"7  At  (3.22) 

Now  consider  an  experiment  In  which  a  reg.  :n  near  the  heated  etalon 
changes  its  temperature  by  an  increment  of  say  2.5°C  (characteristic 
Increment  between  reflection  peaks  off  the  etalon).  Consider  also  a  path  of 
say  4  cms  (there  and  back).  The  net  optical  phase  change  is  then 


|a4»|  *  ^ .  4 .  (9.246  .  1 0“7)  2.5  (3.23) 

i 

or 

U1  ,  4(9.246.  1 0'7)  2.5  (3>24) 

271  5.145.  10"5 

-0.18  (3.25) 

By  comparison,  suppose  that  a  1  cm  thick  etalon  expands  by  an 
amount  Ad  under  the  same  temperature  increment  (2.5°C).  We  then  have 

Ad  =  2.5a  (3.26) 

where  a  is  the  thermal  expansion  coefficient.  Taking  a  value  for  a  of  say 
0.4 .  10"6oC  we  have 


Ad  »  10'6  cms 


(3.27) 


This  then  yields  a  reflective  phase  shift  of 


.Ad- 


2.2  n.  10~6 
5.145.  10"5 


or 


M  =  0.039  (3.28) 

2 n 

This  shows  that  changes  of  air  path  in  fact  dominate  the  measurements.  For 
this  reason,  a  new  vacuum  enclosed  interferometer  is  being  constructed. 

(b)  In-laser  measurements  of  etalon  performance 

We  have  acquired  a  scanning  interferometer  system  that  provides  an 
analysis  of  the  modal  pattern  of  light  emitted  by  the  laser. 

A  piezo  driven  Fabry-Perot  interferometer  scans  the  profile  of  the 
emitted  light  from  the  laser.  This  reveals  whether  or  not  the  output  is  In 
single  or  multiple  mode  but  does  not  resolve  the  profile  of  an  individual 
mode. 


A  typical  line  width  for  the  strong  lines  of  an  Argon  laser  is  of  the 
order  of  10  GHz  so  the  chosen  Fabry-Perot  head  scans  over  this  range.  A 
typical  single  mode  of  the  laser  covers  a  spectral  range  of  about  5  MHz  so 
the  transition  from  single  line  to  single  mode  output  is  a  striking 
observation. 

The  thickness  of  the  etalon  determines  the  free  spectral  range.  (The 
range  of  wavelengths  or  frequencies  between  two  adjacent  transmission 
maxima  of  the  etalon).  We  note  that  the  transmittance  of  the  etalon  is 
given  by 


1 

I  ♦  F  sin20j) 
2 


(3.29) 


where  It  is  the  transmitted  intensity  and  \\  the  incident  intensity. 


Here  $  =  4nnd/Xa  as  before.  A  phase  change  cf  2x  (corresponds  to  a 
change  of  frequency  given  by  Af  =  c/2chwhere  c  is  the  speed  of  light  in 
vacuo  This  is  normally  chosen  to  correspond  to  the  line  width  of  the  laser 
output.  This  choice  of  free  spectral  range  permits  the  etalon  to  be 
maximally  transmissive  for  a  given  laser  mode  but  not  to  encourage  more 
than  one  mode  to  exist. 


* 
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Figure  9.  Shows  the  line  width  and  free  spectral  range  relationship. 


To  date,  we  have  examined  a  small  number  of  GEL  SIL  samples  with  a 
thickness  range  of  some  3-5  mm.  Note  that  a  free  spectral  range  of  10  GHz 
corresDonds  to  an  etalon  thickness  d  of  the  order  of  1.5  cms.  Practical 
values  are  usually  at  a  7evel  of  d  *  1  cm. 


The  use  reduced  levels  of  etalon  thickness  results  in  the 
transmittance  of  the  etalon  rising  again  before  the  edge  of  the  line  profile 
is  reached  thus  risking  the  simultaneous  emission  of  more  than  one  laser 
mode. 


Results  showing  1,  2,  3  and  multi  mode  operation  are  shown  on  the 
accompanying  view  graphs.  When  the  free  spectral  range  of  the  etalon  is  too 
small  then  the  usual  result  is  that  at  high  laser  gain  levels,  i.e.  at  high  tube 
currents  in  an  ion  laser,  a  transition  from  single  to  multi  mode  lasing 
occurs  as  the  current  is  advanced. 

Of  great  Interest  Is  the  ’conversion  efficiency'  (the  ratio  of  output 
intensity  in  single  mode  to  that  in  single  line).  Conventional  results  usually 
indicate  a  performance  In  the  range  50  -  60%. 


A. 


Requirements  of  Etalon  Flatness 


A  key  aspect  of  etalon  characteristic  Is  the  parallelism  and  flatness 
of  the  sample.  Any  lack  of  parallelism  of  the  faces  tends  to  cause  a 
prismatic  deflection  of  the  transmitted  beam.  Even  if  the  individual  faces 
are  flat  to  say  X/20,  transmitted  beam  deviation  can  walk  off  the  intra- 
cavity  beam  when  the  etalon  is.  installed  in  a  laser  and  destabilise  the 
cavity.  A  simple  reflectance  interferometer  test  as  below: 


Figure  10.  Simple  interferometer  test  for  etalon  flatness 
and  parallelism  of  faces. 

serves  to  show  whether  faces  1  and  2  of  the  etalon  are  adequately  parallel. 
Essentially  a  lack  of  parallelism  leading  to  of  the  order  of  one  fringe 
deviation  within  the  working  beam  diameter  Is  just  about  acceptable.  We 
have  now  located  a  polishing  shop  that  can  provide  a  very  quick  and  accurate 
service  to  the  required  standard. 


5.  Summary 

Experimental  procedures  and  results  are  reported  leading  to  a 
detailed  study  of  etalon  performance.  New  thick  samples  of  GEL  S1L  are  now 
being  made  available  and  results  will  be  reported  in  the  near  future. 

We  have  shown  that  etalon  reflectance  is  relatively  easy  to  measure 
but  that  the  interferometric  measurement  of  thermal  expansion  must  be 
performed  under  vacuum  to  avoid  air  path  contributions  to  beam  phase  shift. 


Of  great  interest  is  the  conversion  efficiency  of  different  types  of 
etalon.  The  conventional  figuresof  50  -  60%  are  likely  to  be  exceeded  by  GEL 
S1L  samples  simply  because  of  the  intrinsically  low  loss  of  the  material. 
Results  are  to  be  referred  to  a  synthetic  material  Dynastl  as  a  standard. 

The  optics  industry  admits  that  colour  centre  formation  in 
conventional  silica  optics  prevents  a  satisfactory  performance  of  Ion  lasers 
in  the  near  ultra  violet.  The  extraordinary  transmittance  of  ultra-pure  GEL 
SiL  is  likely  to  lead  to  greatly  improved  confidence  in  the  use  of  u.v. 
generating  lasers  for  lithographic  applications. 

The  future  of  our  programme  of  work  is  to  be  directed  as  follows 

(I)  The  evaluation  of  standards  of  performance  of  uncoated  and  if 
necessary  coated  etalons  in  the  intra-cavity  situation.  This  work  to  include 
an  evaluation  in  the  far  blue  1 457.9  nm)  and  in  the  near  u.v.  (363.8  nm). 

(II)  The  testing  of  fitted  GEL  51L  Brewster  windows  on  ion  laser 
tubes  in  the  same  part  of  the  spectrum.  This  work  will  require 
sophisticated  polishing  methods  for  thin  window  samples. 

(iii)  The  fabrication  and  testing  of  dispersing  prisms  made  of  GEL 
SIL. 

(iv)  The  testing  of  etalons  in  the  red  spectrum  particularly  at  the 
647  nm  of  the  Krypton  laser. 

(v)  The  establishment  of  the  working  model  of  the  interferometer 
for  expansion  coefficient  testing. 

(vi)  The  Installation  of  storage  oscilloscope  and  plotter  facility 
for  printout  of  modal  diagrams  from  the  swept  Fabry-Perot  spectrum 
analyzer. 

(vii)  A  study  of  the  modal  profile  of  the  individual  laser  modes  In  an 
attempt  to  detect  structural  differences  in  the  trapped  interference  pattern 
in  GEL  SIL  etalons  and  other  types  fabricated  material. 

(viii)  The  fabrication  and  testing  of  curved  etalons  (concentric)  on 
the  lines  of  discussion  of  GEL  Tech  Report  No.  I.  These  might  be  the  most 
attractive  way  to  Introduce  GEL  SIL  to  the  laser  consumer  market. 


